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Abstract
The research presented in this document focuses on the fabrication, characterization and
application of microfluidic systems fabricated in poly(methyl methacrylate) (PMMA) with the
emphasis focused on the fabrication processing steps. Microfluidic devices were produced in
PMMA using X-ray lithography. The fabrication methods investigated were sacrificial mask,
polyimide membrane mask and embossing techniques. PMMA microfluidic devices fabricated
using X-ray lithography were characterized using scanning electron microscopy (SEM) and
optical microscopy, while analytical techniques such as electroosmotic flow determination,
separations, and fluorescent microscopy were used to characterize fluid transport in these
devices. A novel method for the heat annealing of PMMA to PMMA to create a closed system is
described.

Characterization of this technique was carried out by optical microscopy and

scanning electron microscopy.
The manufacturing techniques utilized in producing mold inserts for hot embossing and
injection molding is discussed as well. Both the mold insert and devices produced from the
inserts were characterized using scanning electron microscopy. Devices produced can be used to
perform a number of analytical techniques including single molecule detection and fluorescence
lifetime monitoring. The primary goal of this research was to develop molding tools consisting
of high-aspect-ratio microstructures using robust and reproducible processing steps.

xiii

Chapter 1
Methods For Fabricating Microfluidic Devices
1.1 Introduction
Photolithography is the process of transferring an image to a photosensitive polymer.
This process is achieved by exposing the photosensitive polymer to some type of
radiation through a mask containing transparent and non-transparent areas defining a
particular pattern. The pattern is used to protect the substrate during etching, both wet and
dry. Any microelectromechanical device fabricated uses resist processing and therefore a
brief discussion of the concepts involved will follow.
1.1.1

History of Lithography

Precision engineering of three-dimensional microcomponents and microsystems,
including the microfluidic devices to be discussed here, begins with the process known as
lithography.

Lithography, also known as “stone writing”, was invented by Aloys

Senefelder in 1796.1 He found that by applying chemicals to stone carvings, he could
transfer the exact pattern onto paper. In 1822, Nicephore Niepce experimented with the
first known photoresists. He found that bitumen dissolved in lavender oil became hard
when exposed to hours of sunlight. He used this finding to produce a copy of an etched
print on oiled paper.1

The technique remained in obscurity, used primarily by artists,

until the middle 20th century. 1
This pattern transfer technique evolved into a crucial and commonly used tool for the
integrated circuit (IC) industry.

The IC industry recognized that by miniaturizing

circuitry performance improved.

The industry thus spent their efforts developing the

infrastructure and improving techniques to turn a simple photo-patterning process into the
leading production method of microelectronics. At its outset, the IC industry had the
1

Figure 1. 1 Roadmap showing the achievable feature size with respect to time. 2

ability to produce circuits with features on the order of one hundred microns or so.
Through simple solutions, such as moving to chromium masks, using proximity printing
as opposed to contact printing, and the use of smaller wavelengths, large improvements
in feature size were obtained.

Today the feature sizes achievable are an order of

magnitude smaller than originally were possible.

1

Figure 1.1 represents the minimum

feature sizes reached in terms of the year in which they were achieved. With the
resolving power and tolerances much improved, photolithography is now used as the
building block for the creation of all micromachined parts and systems.

An

understanding of some of the definitions and basic process concepts of photolithography
is paramount to understanding the importance of the technique. The following sections
will serve to define the terms associated with microlithography.
2

1.1.2 Masks
As mentioned, a mask, containing desired features, is necessary for photolithography
to be successful. A photomask is a stencil used to transfer a desired pattern or geometry
to a resist. Photomasks are typically made out of an ultraviolet transparent substrate such
as glass or quartz. The substrate is coated with iron oxide or chromium, a removable
coating that can absorb UV light. A photosensitive resist is spin coated onto the blank
mask so that a pattern can be directly written onto the substrate with some sort of direct
write system. A direct-write system allows a “pixel” exposure to take place on a blank
mask. By using shutters, collimated light, and a high precision xy stage, the pattern
generator can transfer a desired pattern to substrate in a predefined manor. A computer
file containing the desired pattern information is fed into the system and the resist on the
photomask is exposed according to that pattern. The exposed resist is developed leaving
the UV absorber unprotected in the “written” areas.

The unprotected areas of UV

absorber are etched accordingly. Once etched, the remaining resist is stripped leaving a
mask that can be used for pattern transfer in the microlithographic process. Photomasks
are generally assigned to one of two categories, dark field and light field masks. Light
field masks are masks in which the features to be transferred are made from the UV
absorber while the field is transparent. Dark field masks are the opposite with the field
being defined with UV absorber and the features to be transferred transparent.
Depending on which type of photosensitive polymer is used for patterning, positive or
negative, the mask with the correct field must be chosen. Figure 1.2 is a picture of the
direct write system for photomask production at Center For Advanced Micro Structures
and Devices (CAMD).

3

Figure 1. 2 Mann 3600 pattern generator housed at CAMD. This particular model is
capable of 4 µm minimum features.
1.1.3

Resists

To successfully transfer a pattern onto a substrate using photolithography, a
photoresist must be employed. A photoresists is a polymer that has some degree of
reactivity when exposed to light. In order for a photosensitive polymer to be considered a
viable resist, it must have certain “ideal” characteristics. All photoresists must have the
ability to be applied to a substrate in a uniform fashion, they must undergo significant
chemical changes upon irradiation in order for development to be successful, and they
must have the ability to produce very finely resolved features. When irradiated with UV
radiation, a photoresist will go through a chemical change that causes the irradiated parts
to have much different solubilities in preferred developers. Photoresists are divided into
4

two general types, positive and negative, which have different characteristics and
limitations. In general, a positive resist goes through some sort of chemical breakdown
during light exposure making it more soluble in developer and a negative resist on the
other hand goes through a polymerization process when irradiated, rendering it less
soluble in developer.
1.1.3.1 Positive Resists
Positive photoresists are popular in two forms, single component PMMA, and two
component DQN resists. PMMA, shown in Figure 1.3, although relatively insensitive as
a UV photoresist, has been widely used.

Figure 1. 3 Structure of PMMA

5

Figure 1. 4 Photo-induced chain scission of PMMA resist.

The polymer becomes soluble through chain scission under deep UV illumination.
Figure 1.4 shows the main chain scission photoreaction that occurs when PMMA is
irradiated with light. During the process a photon is absorbed causing the polymer to be
elevated to an excited state. Since the excited state is relatively unstable, parts of the
methacrylate molecule are ejected leaving a free radical. This free radical is free to
propagate, causing an unzipping of the polymer.3 The quantum yield of main chain
scission of PMMA is highest at about 300 nm, but low when compared to DQN resists.3
Exposure times for PMMA resists are on the order of minutes as opposed to seconds for
the DQN resists. Figure 1.5 shows the dependence of quantum yield of main chain
scission of PMMA when exposed to UV light of different wavelengths.

The two

component DQN resists, comprised of a photoactive diazoquinone ester and a phenolic
novalak resin, absorb UV light much more readily and thus require shorter exposure
6

times than PMMA resists. These phenolic resin-based resists have molecular weights in
the range of 1000 to 3000 g/mole, which corresponds to anywhere from 8-25 repeating
monomer units1. The novalac resin is responsible for the excellent film properties of the
resist while the diazoquinone is the sensitizer and is responsible for the differences in
dissolution rates of unexposed and exposed resist. Figure 1.6 shows the reaction of a
cresol and formaldehyde giving the

.

Wavelength (nm)

Figure 1. 5 Quantum yield of chain scission of PMMA as a function of wavelength. 3
novalak resin.

Here a paracresol and formaldehyde is copolymerized under acidic

conditions giving the novalac resin.

The general photoreaction mechanism of the

sensitizer is shown in Figure 1.7. In its unexposed form, the sensitizer inhibits the
7

dissolution of the resin. When exposed, the N is converted to a carboxylic acid allowing
it to be dissolved in a basic solution. Positive photoresists have a number of advantages
over negative photoresists.

They do not swell due to water adsorption during

development, they are capable of finer resolution because of the lack of swelling, and
they are much more resistant to plasma etching processes.

Figure 1. 6 General reaction mechanism showing the synthesis of Novalac based resists. 1

Figure 1. 7 Photoreaction of the sensitizer in DQN photoresists.

8

1.1.3.2 Negative Resists
Generally, negative resists contain a poly(cis-isoprene) base. These resists are based
on the crosslinking of main chains or side chains during irradiation with photons. This
crosslinking renders the exposed areas resistant to solvents that are used to remove
unexposed portions of the resist. Figure 1.8 shows the structure of the poly(cis-isoprene)based negative resists and the polymerization that occurs. A disadvantage of negative
resists is the problem of overexposure especially as thicker resist layers are used. When a
thick negative resist is exposed, the top surface is exposed first and in order to expose the
bottom surface enough, the top surface is over exposed. The over exposure causes a
great deal of scattering which reduces resolution. Negative resists can produce lines at a
resolution of 2-3 µm due to the swelling that is seen during development.1 A discussion
of resolution for photoresists can be found in section 1.1.4

Figure 1. 8 Photo-induced polymerization of poly(cis-isoprene).

9

One particularly good negative resist is SU-8. SU-8 is an epoxy-based photoresist. It
is able to provide features with high aspect ratios (>10) with UV-lithography.
Unfortunately, as aspect ratios increase the resolving power decreases. The resist has
poor resolution for high aspect features. The structure is proprietary and therefore is not
available.
1.1.4

Imaging

Imaging is the process of replicating a pattern from an optical mask onto a wafer
containing one of the aforementioned photoresists.

An optical mask, with opaque and

transparent sections, serves as the tool that defines a desired pattern. The characteristics
concerned within this process are the size and the shape of the resulting features. For any
photoresist used in photolithography, there is a critical dimension that defines its
performance. The critical dimension is defined as the absolute minimum feature size.
The feature size could be a line or the space between two lines.

In basic terms,

resolution is a comparison of the feature size obtained versus the feature size that is
desired coupled with the ability to achieve the critical dimensions consistently. It is
important to be able to retain good resolution through all steps of the lithographic
process. There are a number of different sources that can be used for irradiating the
photoresists and they include photons, electrons, or ions. The photon exposure sources
include general white light to Hg lamps to X-ray radiation from a synchrotron source.
Electron and ion sources are used in direct write systems where the electron beam is
focused onto a desired sample.

Most commonly high-pressure Hg lamps are used

because of their ability to give high intensities for discrete bands. Figure 1.9 shows the
emission spectrum of a Hg lamp. There are three common types of flood exposures

10

(irradiation of the entire sample at once in lithography, contact, proximity and projection
printing) (Figure 1.10).1 In contact printing, the resist-coated substrate is brought into

Figure 1. 9 Emission Spectra of a high-pressure Hg Arc lamp. It gives sufficient
emission at a number of different wavelengths allowing it to be used in a number of
applications.

physical contact with the glass photomask. The wafer is held on a vacuum chuck and the
whole assembly raises until the wafer and mask contact each other. The photoresist is
exposed with UV light while the wafer is in contact position with the mask. Because of
the contact between the resist and mask, very high resolution is possible in contact
printing (e.g. 1 µm features in 0.5 µm of positive resist). The problem with contact
printing is that debris, trapped between the resist and the mask, can damage the mask and
cause defects in the pattern. The proximity exposure method is similar to contact printing
except that a small gap, 10 to 25 µm wide, is maintained between the wafer and the mask
during exposure. This gap minimizes (but may not eliminate) mask damage.
Approximately 2- to 4-µm resolution is possible with proximity printing.1 Finally,
11

projection printing avoids mask damage entirely. An image of the patterns on the mask is
projected onto the resist-coated wafer, which is many centimeters away. In order to

Figure 1.10 The three types of flood exposures used in photolithographic processing.
Far left is contact printing, middle is proximity printing which employs about a 0.5-1
micron gap and projection printing is at the far right. Projection printing focuses the
pattern of the optical mask through a lens.

achieve high resolution, only a small portion of the mask is imaged. This small image
field is scanned or stepped over the surface of the wafer. Projection printers that step the
mask image over the wafer surface are called step-and-repeat systems. Step-and-repeat
projection printers are capable of approximately 1-µm resolution. The minimum
resolution achievable in lithography is given by the following equation:

2bmin = 3 λ ( s +

12

Z
)
2

(1.1)

where 2bmin is the minimum feature size, s is the gap between the mask and the substrate,
λ is the wavelength of light used for exposure, and Z is the thickness of resist. Figure
1.11 shows a graphical representation of equation 1.1 giving the minimum feature size
possible as a function of wavelength in contact printing.1

Figure 1. 11 Graph showing the minimum feature size as a function of wavelength used
for contact printing exposure. Typical wavelengths used in UV lithography are between
254 and 330 nm resulting in minimum feature sizes between 750 and 850 nm. The curve
is for a 0.5 µm thick film of resist.

1.1.5 X-ray Lithography
Due to the fact that resolution is limited by the wavelengths of light used for
irradiation as shown in equations 1.1, lithographers, in order to achieve smaller features,
have taken advantage of X-rays. X-rays are electromagnetic waves, with a wavelength in
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the range of 0.1 to 100 Å and a subset range of 0.6 to 44 Å being referred to as soft Xrays. There are three main sources with the ability to produce X-rays, electron impact
tubes, laser-based plasmas and synchrotrons. In an X-ray tube, fast moving electrons are
collided into a heavy metal. When they suddenly stop they "shed" photons because they
have been decelerated. This type of radiation, created by suddenly stopping fast moving
particles, is called "bremstrahlung radiation". Plasmas irradiated with very short pulses
of laser light also emit X-rays. The problem with these sources is the low average photon
flux over long periods of times.1

Synchrotrons, which generate X-ray radiation by

accelerating particles around a turn, allow for use over an extended period of time. In Xray lithography, a majority of work is done with synchrotrons because of its ability to
give off high intensity X-rays in a continuous fashion.4 For this reason, only synchrotron
X-rays will be discussed.
1.1.5.1 Synchrotrons
A synchrotron gives off a broad range of energy. The spectral distribution of the
radiation emitted by a synchrotron or an electron storage ring is characterized by a very
wide frequency distribution, extending form the infrared to the X-rays. The power
radiated is also large, making the electron storage ring a very efficient X-ray source. A
synchrotron based X-ray lithography system is comprised of three main subsystems, the
source, the beamline, and the exposure station. The three will be briefly discussed.
Accelerating electrons along a circular path and coupling the moving charge of the
electron with the electromagnetic field produce X-rays. Radiation emitted by low-energy
electrons captured in that circular path is dipole radiation. Once the electrons have been
injected into the ring they continuously give off X-rays.

The radiation is emitted

tangentially, thus allowing beamlines to be constructed to utilize the X-rays given off.
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The beamline is simply a means to direct the radiation into the exposure station. It can
include such things as mirrors and filters to select desired wavelength ranges.
A schematic of a beamline at the CAMD is shown in Figure 1.12. Basically the
beamline consists of an evacuated section for radiation to travel and an exposure chamber
at the end. The evacuated section contains gate valves and shutters that control the
synchrotron emission The exposure station consists of a scanner that moves the sample
across the fixed beam. The exposure chamber is separated from the beamline with a
beryllium window and is operated in a steadily pressurized helium flow for cooling
purposes. The beryllium window, typically about 125-250 µm thick is used to separate
the high vacuum portion of the beamline with the exposure chamber. Beryllium is also a
very effective low pass filter as it absorbs a majority of the low energy photons and is
transparent to the higher energy X-rays. Figure 1.13 is a photograph of the European
Synchrotron Radiation Facility in Grenoble, France. The source, the beamline and
exposure chambers are overlaid. Because the wavelengths of X-rays are much shorter
than those of UV radiations smaller features can be produced allowing higher feature
densities.

Also,

due

to

small

interactions

between

X-rays

and

organic materials that comprise resists, X-ray lithography is able to produce structures
with considerable height, greater than 100 µm. The small interaction allows a deeper
penetration into the polymer material allowing bonds to be broken at deeper depths.
1.2 Glass-Based Micromachining
1.2.1 Introduction
choice because of the logical move from silica capillaries and the well-known surface
chemistries associated with silica utilized for many bioanalytical applications. This
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Figure 1.12 Schematic of the "white light" beamline at the Center for Advanced
Microstructures and Devices (CAMD) (Drawing created by Kevin Morris and provided
by CAMD). GV = gate valve, Be W= Beryllium window, BS = Bremstrahlung shutter,
FS = fast shutter, PS = photon shutter.

Figure 1. 13 Schematic and picture of the European Synchrotron Radiation Facility in
France.

Fabrication techniques utilized in producing microfluidic devices were born out of
techniques optimized by the integrated circuit industry. Typically hydrofluoric acid is
used to etch channels in glass or quartz substrates.5-12 Silica-based substrates are a good
process creates channels with low aspect ratios. The aspect ratio is defined as a feature’s
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height divided by its width. Typically, aspect ratios for glass channels etched chemically
fall in the range of 0.25 to 1. Low aspect ratios limit researchers to simple and shallow
trapezoidal channels.
1.2.2 Electrochemical Etching
Electrochemical etching is used when there is a desire for much milder etch conditions
than those employed in normal wet chemical etching procedures.

A variety of

electrochemical silicon etching techniques are being utilized to pattern glass substrates.
Typically, electrical contact is made to the front or back of a wafer with a positively
biased silicon electrode. A negative biased platinum electrode is used as a cathode.
Figure 1.14 shows a schematic of a typical electrochemical etching setup. When a
constant current flows between anode and cathode, the etch rate is raised because there is
an accumulation of holes in the silicon. These holes help drive the chemical reaction.
This causes an occurrence of oxidation at the silicon surface, which allows the etchant to
dissolve the material. The holes are transported to the cathode as H+ ions, and released
there as H2 bubbles. Since the oxidation rate is dependent on the current flow, the etching
characteristics depend not only on dopant type and resistivity, but also on the
arrangement of p and n layers in the wafer interior. A specific electrochemical etching
technique is the electrochemical passivation technique.

A wafer with a particular

impurity concentration, which produces a diode junction at the boundary between the
differently doped areas of silicon, is used. The junction determines the structure to be
produced. An electrical potential is then applied across the diode junction, and the wafer
is immersed in a solution of hydrofluoric etchant. This is done in such a way that when
the etch reaches the junction, an oxide layer (passivation layer) is formed which protects
the silicon from further etching. The structures that can be produced are similar to those
17

produced by the boron etch stop technique. Boron doped Si layers are not heavily

Figure 1. 14 Schematic representing the electrochemical etching set up. A potential is
applied between the platinum electrode and the sample. HF etches the substrate until
reaching the junctions where an oxidation of the epitaxial silicon occurs protecting it
from further etching.

attacked by etchants and are thus used as stop layers in the etching process. The main
advantage of the electrochemical method is that much lower concentrations of impurities
are required, so the resulting structure is more compatible with the fabrication of
microelectronic circuitry.
1.2.3 Wet Chemical Etching
Wet chemical etching has been the most utilized fabrication method for microfluidic
devices. The processes involved are well defined and geometries, although less than
ideal, are indeed controllable. The process, shown in Figure 1.15, basically consists of
seven steps. The first step is to metalize the surface of the substrate, typically glass or
quartz. The metal is necessary as a protective film because the etching is so fast and
harsh photoresists do not hold up well to the severe acidic conditions. A photoresist is
then spin coated onto the sample, and is patterned lithographically, exposed and
developed. The protective metal film where exposed from the lithography step is etched
18

and then troughs are etched in the substrate using hydrofluoric acid or a buffered oxide
etch.

Finally, the resist and the metal film are stripped leaving just a substrate with

Metallized
1. Metallized Substrate

Figure 1. 15 Processing steps involved in wet chemical etching.

channels etched in them
There are two forms of wet etching, isotropic and anisotropic. Isotropic etching
occurs when the dissolution rate of silicon is equal in both the x and y directions. In this
case a rounded circular-like trough is produced as shown in Figure 1.16. Anisotropic
etching occurs when the dissolution rate is much faster in one direction as compared to
the other. Silicon has a number of different crystal orientations and depending on the
orientation, etching directions can be carefully controlled. Figure 1.17 shows a channel
that has been anisotropically etched. This particular etching technique does not apply to
glass and thus those materials are relegated to be processed isotropically.
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Figure 1. 16 Cross section of a glass channel produced through isotropically etching
glass. Isotropic etching produces semi circular-type channels in glass and quartz. 1

Figure 1. 17 Picture of a channel etched anisotropically in silicon. The channel is
trapezoidal in shape. 1
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1.2.4 Reactive Ion Etching
Plasma etching or reactive ion etching (RIE) is widely used for semiconductor
fabrication and to produce quartz microchips for microfluidic applications.1 In most
cases, RIE is restricted to glass, quartz, or silicon. In this approach, the
design of the microchip is first electronically transferred to a photomask. Quartz wafers
are then coated with a layer of positive photoresist (a photoresist that breaks down upon
light exposure). The coated quartz wafer is aligned to a photomask, and the photoresist is
exposed to UV light. The exposed photoresist is then developed, leaving the
microstructure features reproduced in the exposed photoresist. Then the device goes
through a baking procedure to harden the resist. Once the device is ready for the etching,
it is placed in a reaction chamber where the etching takes place. Basically, the etching
process consists of six steps as seen in Figure 1.18. First, the system creates a very
reactive gaseous species such as, CF3+, CF3 and F, by bombarding supplied CF4 with
electrons. Next, the reactive species diffuse to and are adsorbed by the substrate. Then,

Figure 1. 18 Schematic showing the processes involved in reactive ion etching. 1
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they diffuse across the surface where they react with surface molecules. The reaction
products desorb and move away by diffusion. This process can produce high aspect ratio
microstructures (HARMs), but typically results in very rough walls.
1.3 Polymer-Based Micromachining
1.3.1 Introduction
To date, most microscale devices that employ electric fields for fluid transport have
been fabricated in glass or silica. However, when single-use devices are desired, it is
unlikely that glass fabrication will be cost-effective. There have been a number of
reports on different techniques for machining microstructures in plastics.13-20 Polymers
as microfluidic analytical devices are promising because they lend themselves to mass
production capabilities through injection molding or hot embossing techniques. Another
feature of polymers that make them so enticing as platforms for microchemical
applications is the wide selection of polymers with various physical properties that can be
used. Because of the diverse physical and chemical properties of polymers and the
ability to effectively machine most polymers, a polymer can conceivably be found to suit
any particular application. Careful consideration needs to be taken when choosing a
polymer for a particular application and the following is an account of some of the
important considerations.
The first characteristic that must be considered is its machinability. The chosen
material must absorb radiation or have the ability to be shaped easily. Techniques such
as ablation with UV light and lithography with X-rays require the polymer to interact
with the radiation to produce degradation products that allow microstructures to be
created. Non-radiative machining methods such as embossing and injection molding
require the polymer to have properties that lends itself susceptible to this type of
22

machining. For example, polymers with high percentages of amorphous regions, regions
that have no crystalline order, are most easily embossed. An amorphous area of a
polymer has no organized arrangement of polymer chains. On the other hand, highly
crystalline polymers, polymers with highly organized polymer backbone lattices, may not
have a glass transition temperature (Tg). A Tg is the temperature at which a polymer is
“softened” due to the increased movements of amorphous chains within the polymer
upon heating. PMMA, an easily embossible polymer, is an example of a highly
amorphous polymer. Polyethylene, however, is highly crystalline and thus difficult to
emboss.

In useful chemical analysis, a number of different solvent systems may be

required. Many polymers are soluble, especially in organic solvents. For example, a
PMMA device in acetonitrile will show polymer collapse, swelling, and/or plugging of
microstructures. Figure 1.19 is an optical photograph of swelling and blocking of a
PMMA microchannel when acetonitrile was introduced into it. Two other important
properties that warrant consideration are a polymer’s thermal and electrical properties. In
many cases, the microdevice uses an electrophoresis step in the assay. Therefore, the
material must tolerate high electric fields (high dielectric strength) and dissipate Joule
heat (high thermal conductivity) to preserve separation efficiency. Fortunately, as the
dimensions of the microchannels or microstructures decrease, the ability to dissipate
Joule heat increases. Therefore, the thermal conductivity of the material becomes less of
an issue at smaller scales.5
Many times it is desirable to functionalize the surfaces of these devices in order to
perform some function. The surface, therefore, must be chemically modifiable. For
glass-based devices, derivatization chemistries are well developed, but for polymer-based
materials, they are not.
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The final step in the fabrication of chip devices is the bonding of a cover plate to
create an enclosed channel to support fluid flow. This requires the polymer to be
annealable, which means the substrate and cover plate must be subjected to temperatures
that allow bonding to take place. For glass or quartz, this requires raising the temperature
to ~600 °C or higher. In the case of polymer-based materials, the temperature required
for thermal annealing is much lower. To effectively bond polymers it is only necessary
to mobilize the polymer chains. Once mobilized, the polymer chains on the cover plate
can become intertwined with the polymer chains on the surface of the device. There are a
few “glue based” methods that bond polymers to polymers, but extreme care must be
exercised to not get the glue into the channels of the microdevice.

Figure 1. 19 Optical micrograph of channel after exposure to acetonitrile. 100%
acetonitrile was introduced into the PMMA channel and allowed to sit for 1 hour.
Channels were 50 µm.
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In general, polymers have the necessary characteristics to be successful platforms for a
variety of chemical applications. Table 1.1 shows a list of various polymers along with
some of their physical properties. Most do have favorable dielectric strengths, which
allow the application of the high electric fields needed in electrophoresis. Polymers,
however, have thermal conductivities that are somewhat inferior to glass, thereby
requiring small channels to prevent significant Joule heating. Another concern is that
polymers are typically opaque in the UV and thus may generate background fluorescence
with laser-induced excitation. Finally, careful consideration must be given to the organic
solvent used in the assay and its compatibility with the polymer, whereas in glass, most
organic solvents have no detrimental effects on this substrate.
1.3.2 Laser Ablation
Microfabrication by laser ablation involves the absorption of pulsed laser light by the
substrate, which results in electronic transitions that break chemical bonds in the polymer
chain. These electronic transitions also produce a shock wave, which causes polymer
decomposition products (e.g., C2H2, CO2, or CO) to be ejected leaving a photoablated
cavity. Figure 1.21 is a schematic showing the photo ablation process.22 In most cases,
an excimer laser, such as a KrF laser operating at 248 nm with fluences of ~5 J/cm2, is
used for ablation. The depths of the channels are determined by the pulse energy and the
number of laser pulses irradiating a single area on the substrate. For example, Roberts et
al. 15 observed channel depths of 37 µm following an exposure of 250 pulses/mm at 193
nm from an excimer laser. Because UV lasers are used and the polymer must undergo an
electronic transition, the polymer substrate must possess a chromophoric group.
However, even with this stipulation, many commercial polymers, such as polystyrene,
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nitrocellulose, PMMA, poly(ethyleneterephthalate), and poly(tetra-fluoroethylene), can
be machined by laser ablation.21-27
Laser ablation micromachining can be performed in a serial write or scanning mode.
In the serial (direct) write mode, the substrate material or mask is translated underneath
the write beam. The maximum ablation area is defined by the beam width and the laser
repetition rate with the required channel depth determining the patterning time. In
scanning mode, the movement of the mask and substrate is synchronized, and the number
of laser shots needed to achieve the desired channel depth determines the time to pattern
large areas. The mask can be constructed from chromium over-plated on quartz. Because
chromium is not transparent to UV, areas that define the device topology will be
removed. This can be accomplished by spin-coating a resist over the chromium/quartz
plate and then transferring the design using optical proximity printing; developing the
resist;

and

finally,

etching

the

chromium

to

remove

exposed

metal.

1.3.3 Forming
Forming is a broad term representing a number of different techniques that have been
used to produce microfluidic devices in plastics.

These techniques include wire

imprinting, injection molding and hot embossing. Each will be discussed separately.
1.3.3.1 Wire Imprinting and Embossing
There are two simple methods for imprinting microstructures into polymeric
substrates. These processes typically uses amorphous polymers because of their relatively
low and well defined Tg, which range from 120 to 180 °C. The glass transition
temperature refers to the temperature at which the amorphous regions of a polymer
become rigid and glassy like. In the first method, microchannels are imprinted using
small-diameter chrome wires pressed into the polymer substrate by heating the substrate
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above its glass transition temperature and applying force to the wires. The physical
characteristic of the chrome wires determine the physical dimensions of the channels
imprinted, while the way the channels are laid out will determine the topography of the
device. Figure 1.22 shows an optical image of a channel network and its profile as
formed by simple wire imprinting. The disadvantage of this process is that the channels
are not reproducible, especially at the top, which is deformed during the imprinting
process.
Another imprinting technique uses a silicon micromachined master that can be
fabricated by a variety of methods, most of which are based on photolithographic
procedures that produce a raised three-dimensional structure, which serves as the
imprinting template. Channels are formed by pressing the template into the plastic
substrate while heating to a temperature above its Tg. Figure 1.22 shows a silicon master
and a topographical profile of the master, which can be used for imprinting.
A special type of imprinting is called hot embossing. The microstructures are
fabricated using either silicon micromachining or LIGA (a German acronym for
lithography, electroplating, and molding—lithographie, galvanoformung, abformung)
processing. Typically, in LIGA processing, nickel or a nickel–cobalt alloy is electroplated
over an appropriately developed photoresist to create the master. Although silicon
masters are easier to fabricate, they produce only low-aspect-ratio microstructures and
tend not to be as rugged, having shorter lifetimes as compared to nickel-based embossing
tools. For this reason, commercial producers of polymer devices prefer to use the more
robust nickel masters in their fabrication processes. After the master has been fabricated,
it is mounted along with the substrate material in an embossing machine. Figure 1.23
shows a schematic of a typical embossing machine. The housing is evacuated to remove
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nay gases that may get trapped causing molding errors and the substrate and master
heated above the Tg of the substrate. The master and substrate are then pressed together
using a controlled force, typically on the order of several kilonewtons, for a few seconds.
While still applying the controlled force, the assembly is slowly cooled to just below its
Tg to minimize thermally induced stresses in the material arising from the different
thermal expansion coefficients of the master and substrate polymer. These stresses could

Figure 1. 20 Schematic showing the laser ablation process. Taken from ref. 20.
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Figure 1.21 Channel geometries of wire imprinted and embossed devices. Taken from
ref. 13.

result in replication errors. After reaching the lower temperature, the master and planar
substrate are mechanically driven apart, leaving the desired features in the polymer. The
demolding process is very crucial. Successfully pulling apart the polymer from the
embossing tool is a function of both the shapes of the structures and the smoothness of
the tool fabricated. Rough tools could snag the polymer and tear off features. It is also
important to demold orthogonal to the substrate surface so that lateral forces, which could
damage the structures, are minimized. Figure 1.24 is a picture showing damage due to
lateral forces during demolding. The processing time for hot embossing can be short,
typically 5 minutes per device. One of the principal advantages of hot embossing over
simple imprinting is that replication errors are minimized because the applied
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pressure is carefully controlled. Another advantage is the ability to fabricate “extreme”
high-aspect-ratio microstructures with walls that are nearly 90° with respect to the plane
of the substrate material. The challenge in making sharp corners is frictional forces that
require careful disassembly of the master–substrate to avoid replication errors.

Figure 1.22 Schematic of typical embossing machine set up.

An attractive polymer for imprinting applications is poly(dimethylsiloxane)
(PDMS) because of its elastomeric properties. PDMS can be cast against a positive relief
master to form microfluidic networks with relatively high aspect ratios. The master can
be made using silicon micromachining techniques, in which the positive relief is
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transferred to the silicon wafer following optical proximity printing with a KOH-based
etching process.7 A simpler method for producing microfluidic systems in PDMS, which

Demolding error

Figure 1.23 SEM of damaged structures due to demolding in non-orthogonal manor.

has been recently developed, uses a computer-assisted drawing transferred to a
transparency by a high-resolution printer. This transparency is then used as a mask
(pattern clear, background ink) to produce a master on silicon using a negative
photoresist.17 The advantages of this process are that devices can be fabricated in <24 h,
and sophisticated equipment is not required.
1.3.3.2 Injection Molding
Injection molding is very different in the way a polymer device is made. Even though
embossing and injection molding can utilize the same molding tool, injection molding
requires the polymer to be melted and not just “softened”.
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Injection molding is

performed by a machine that has the ability to control the amount of polymer injected, the
temperature at which it is injected and the force at which it is injected. Figure 1.25 shows
a picture of an injection molding machine. Injection molding machines basically have
three parts, a hopper to deliver the polymer, a screw to heat and translate the polymer into
the mold as well as controlling the injection pressure, and a molding chamber that holds
the mold in place. To do an injection molding run, the molding tool is placed in the
chamber and it is closed with a predetermined amount of pressure. Polymer pellets are
then fed from the hopper into a turning screw.

The screw has a temperature gradient

associated with it and as the polymer transverses down the barrel of that screw, it is
melted. Once enough melt has been delivered to the front of the screw, the screw moves
forward injecting the polymer into the molding tool. The polymer melt cools into a solid
and the molding tool is moved away from the screw and the polymer piece pops out.
Cycle times for injection molding can be as low as 60 to 120 seconds depending on the
amount of melt that needs to be delivered and the size of the screw doing the delivery.
1.3.4 X-ray Lithography
As mentioned earlier, due to the fact that X-rays are able to provide deep structures,
they have the ability to directly etch a substrate with a desired pattern. This method is
completely analogous to UV photolithography. Where in UV lithography an optical
mask is used to transfer your desired pattern to a substrate, in X-ray lithography an X-ray
mask is used to transfer the desired topography to the X-ray sensitive resist. X-ray masks
are a combination of a high and low atomic number (Z) material. Most commonly used
is gold for the X-ray absorbing high Z material. The low Z material, typically silicon or
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Figure 1.24 Picture of injection molding machine.

beryllium, allows X-rays to pass through with little absorption.
X-rays must affect the polymer to be used as a substrate for microfluidic devices made
directly using X-ray lithography.

That is to say, a polymer must have photoresist

properties. PMMA, a common polymer used as an X-ray resist, is an ideal choice of
substrate for this fabrication technique.

Using an X-ray mask defining a series of

microstructures, it is possible to expose a sheet of PMMA to X-rays. Upon development
of the exposed resist, a microfluidic device is produced. The depths of channels can be
controlled by the amount of X-ray radiation it receives. This dose is calculated by taking
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into account the properties of the radiation source, such as ring current, critical
wavelength and electron energy, mirrors and filters along the beamline, the type of X-ray
mask used, and the required scan length. Because of the short wavelengths inherent to Xrays, high aspect ratios are produced.

Figure 1.26 shows an SEM of typical channels

fabricated in PMMA using X-ray lithography. Because much of my research focused on
using X-rays to fabricate microfluidic devices in PMMA, chapter 3 is solely devoted to
the technique.

Figure 1.25 Channels fabricated in PMMA using X-ray lithography
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1.4

Conclusions

There are many techniques that can be used to fabricate microfluidic devices in a
number of different materials. Fabricating devices in glass has been well documented
and the techniques used are relatively easy and robust. The surface chemistry for glass is
very well known, and the transition from glass capillaries to microfluidic devices in glass
is straightforward. Drawbacks of glass devices include channel geometries, bonding
techniques and expense.
properties.

Polymers offer a greater variety of choices in physical

There are a number of machining methods and typically polymers are

inexpensive. Polymers are amenable to mass production of devices using embossing and
injection molding. Polymers, however, can suffer from incompatibility with solvents
used for the assay the surface chemistries are not well defined for surface modifications.
1.5 References
(1)

Madou, M. Fundamentals of Microfabrication; CRC Press: New York, 1997.

(2)

Manz, A.; Becker, H.; Springer: New York, 1999.

(3)

Mitsuoka, T.; Torikai, A.; Fueke, K. J. Appl. Pol. Sci 1993, 47, 1027.

(4)

Ray-Choudhury, P.; SPIE Press: New Yord, 1997; Vol. Volume 1.

(5)

Campana, A. M. G.; Baeyens, W. R. G.; Aboul-Enein, H. Y.; Zhang, X. R. J.
Microcolumn Sep. 1998, 10, 339-355.

(6)

Effenhauser, C. S.; Bruin, G. J. M.; Paulus, A. Electrophoresis 1997, 18, 22032213.

(7)

Effenhauser, C. S.; Bruin, G. J. M.; Paulus, A.; Ehrat, M. Anal. Chem. 1997, 69,
3451-3457.

(8)
(9)

Fan, Z. H.; Harrison, D. J. Anal. Chem. 1994, 66, 177-184.
Gottschlich, N.; Culbertson, C. T.; McKnight, T. E.; Jacobson, S. C.; Ramsey, J.
M. J. Chromatogr. B 2000, 745, 243-249.

(10)

Harrison, D. J.; Fluri, K.; Seiler, K.; Fan, Z. H.; Effenhauser, C. S.; Manz, A.
Science 1993, 261, 895-897.
36

(11)

Jacobson, S. C.; Culbertson, C. T.; Daler, J. E.; Ramsey, J. M. Anal. Chem. 1998,
70, 3476-3480.

(12)

Jacoson, S. C.; Culbertson, C. T.; Ramsey, J. M. Abstr. Pap. Amer. Chem. Soc.
2000, 219, 5-ANYL.

(13)

Martynova, L.; Locascio, L. E.; Gaitan, M.; Kramer, G. W.; Christensen, R. G.;
MacCrehan, W. A. Anal. Chem. 1997, 69, 4783-4789.

(14)

McCormick, R. M.; Nelson, R. J.; Alonso Amigo, M. G.; Benvegnu, J.; Hooper,
H. H. Anal. Chem. 1997, 69, 2626-2630.

(15)

Roberts, M. A.; Rossier, J. S.; Bercier, P.; Girault, H. Anal. Chem. 1997, 69,
2035-2042.

(16)

Ford, S. M.; Kar, B.; McWhorter, S.; Davies, J.; Soper, S. A.; Klopf, M.;
Calderon, G.; Saile, V. J. Microcolumn Sep. 1998, 10, 413-422.

(17)

Duffy, D. C.; McDonald, J. C.; Schueller, O. J. A.; Whitesides, G. M. Anal.
Chem. 1998, 70, 4974-4984.

(18)

Chan, J. H.; Timperman, A. T.; Qin, D.; Aebersold, R. Anal. Chem. 1999, 71,
4437-4444.

(19)

Locascio, L. E.; Perso, C. E.; Lee, C. S. J. Chromatogr. A. 1999, 857, 275-284.

(20)

Soper, S. A.; Ford, S. M.; Qi, S.; McCarley, R. L.; Kelly, K.; Murphy, M. C.
Anal. Chem. 2000, 72, 642A-651A.

(21)

Wei, J.; Hoogen, N.; Lippert, T.; Nuyken, O.; Wokaun, A. J. . Phys. Chem. B.
2001, 105, 1267-1275.

(22)

Lippert, T.; Wei, J.; Wokaun, A.; Hoogen, N.; Nuyken, O. App. Surf. Sci. 2000,
168, 270-272.

(23)

Lippert, T.; Wei, J.; Wokaun, A.; Hoogen, N.; Nuyken, O. Macromol. Mat. and
Eng. 2000, 283, 140-143.

(24)

Raimondi, F.; Abolhassani, S.; Brutsch, R.; Geiger, F.; Lippert, T.; Wambach, J.;
Wei, J.; Wokaun, A. J. App. Phys. 2000, 88, 3659-3666.

(25)

Park, J. K.; Ayres, V. M.; Asmussen, J.; Mukherjee, K. Diam. Rel. Mat. 2000, 9,
1154-1158.

(26)

Afanasiev, Y. V.; Isakov, V. A.; Zavestovskaya, I. N.; Chichkov, B. N.; Von
Alvensleben, F.; Welling, H. Laser Part. Beams 1999, 17, 585-590.

(27)

Baudach, S.; Bonse, J.; Kruger, J.; Kautek, W. Appl. Surf. Sci. 2000, 555-560.
37

Chapter 2
Capillary and Chip Electrophoresis

2.1 Capillary Electrophoresis
2.1.1 Introduction
Electrophoresis, originally described in the mid-1930’s by Tiselius,

1

refers to the

migration of charged electrical species when dissolved or suspended in an electrolyte
through which an electric current is passed. Cations migrate toward the negatively
charged electrode (cathode) and anions are attracted toward the positively charged
electrode (anode). Neutral solutes are not attracted to either electrode. The original
method of "free solution" electrophoresis was limited by the effect of diffusion,
magnified by the heating effect caused by the electric field, which compromised the
resolution that could be obtained. The growth in popularity of electrophoresis was a
result of performing separations on support medium such as layers of gel or paper, which
served as an anti-convective media. The traditional electrophoresis equipment offered a
low level of automation and long analysis times because the detection of the separated
bands had to be performed by post-separation visualization and only small electric fields
could be used.
Hjerten described initial work on open tubular electrophoresis in 1967. 2 During this
time period, only large (mm) inner diameter (i.d.) bore capillaries were available.
However, due to their relatively large i.d., the effects of convection limited successful
separations due to poor resolution.

Hjerten minimized these convection effects by

rotating the capillaries along their longitudinal axis. 3 Later, Virtanen4 and then Mikkers5
performed electrophoresis in approximately 200-µm i.d. capillaries made from teflon or
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glass, respectively. Due to the decrease in capillary i.d., higher voltages could be applied
before excessive heat formation caused loss of separation due to convection produced
from resulting temperature gradients.
In the early 1980’s, Jorgenson and Lukacs outlined the advantages of conducting
electrophoresis in capillaries. 6 They found that by performing electrophoretic separations
in capillaries, high efficiencies, fast analysis times, and on-line detection of the separated
sample was possible. It also was realized that heat generated inside the capillary was
effectively dissipated through the walls of the capillary. The improved heat dissipation
properties allowed high voltages to be used to achieve much faster separations.
Capillary electrophoresis is considered a family of separation techniques, which
involve the application of high voltages across buffer filled capillaries to achieve
separations. Variations in format include separating species based on size and charge
differences (termed Capillary Zone Electrophoresis, CZE, or Free Solution CE, FSCE),
neutral compounds by introducing surfactant micelles (Micellar electrokinetic capillary
chromatography, MECC or sometimes referred to as MEKC), mobility similar species by
size-based sieving through a gel network (Capillary Gel Electrophoresis, GCE), and
zwitterionic solutes within a pH gradient (Capillary Isoelectric Focusing, CIEF).
Capillary electrochromatography (CEC) is an associated electrokinetic separation
technique, which involves applying voltages across capillaries filled with silica gel coated
with a hydrophobic stationary phase. Separation selectivity in CEC is a combination of
both electrophoretic and chromatographic processes. Many of the CE separation
techniques rely on the presence of an electrically induced flow of solution
(electroosmotic flow, EOF) within the capillary to pump the solute toward the detector.
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2.1.2 CE Basics
As the name suggests, the distinctive feature of capillary electrophoresis is the fact
that the separation of analytes is carried out in a capillary tube, which typically has an
inner diameter of 25 to 100 µm. The small bore allows easy control of temperature,
which vastly improves separation efficiency.

The length of the capillary differs in

different applications, but is normally in the region of 20 to 50 cm. The capillary is filled
with running buffer and the sample is introduced electrokinetically, which occurs by
dipping one end into the sample and applying an electric field, or with pressure, which
forces sample on the separation column. The injected sample migration is driven by an
electric field and analytes are detected as they pass a detection window produced by
removing the capillary coating, at the far end. Commonly, absorbance detection is used
to evaluate the detected species, but because of the short optical path length a more
sensitive detection such as fluorescence is preferred in separations requiring higher
sensitivity.

Other detection schemes implemented in CE separations include

electrochemical detection, Raman spectroscopy, and mass spectrometry.
2.1.2.1 Heat Dissipation
As mentioned above, electrophoretic separations in small bore capillaries gives an
increase in separation efficiency.6 The major factor involved in the improved efficiency
is the ability to dissipate heat effectively. When an electric current is passed through a
capillary containing an electrophoresis buffer, heat is generated. Ohms law tells us that
as voltage across a capillary is increased, current within the capillary increases giving
way to resistive heating:
I ≈ Eκr 2

(2.1)
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where E is the electric field strength, κ is the conductivity of the solution and r is the
radius of the capillary. This heat is commonly known as Joule heat. As Joule heat builds
up, a temperature gradient along the cross section of the capillary is produced. This
temperature gradient, which is proportional to the electric field, is related to the
conductivity of the solution and the radius of the capillary:

∆T ≈ E 2κr 2

(2.2)

causes different migratory zones, which can reduce the efficiency of an electrophoretic
separation. E is the electric field strength, κ is the conductivity of the solution and r is
the radius of the capillary. If the temperature gradient is large enough, a density gradient
can be produced which will cause natural convection, which will also degrade efficiency.
Both equation 1.1 and 1.2 make it clear that a reduction in the radius of a column and a
reduction in buffer conductivity allows use of much higher field strengths.
2.1.2.2 Electroosmotic Flow
Because of the high surface-area-to-volume ratio, the low viscosity of the
electrophoresis medium and the very high electric fields used, electroosmotic flow (EOF)
is a dominating factor in CE. 6 Fused silica capillaries, typically employed in CE, contain
negative charged silanol groups, which give rise to a surface negatively charged [zeta ( )
potential], which is responsible for the electroosmotic flow. This surface charge results
in a distinctive distribution of cationic species in any ionic solution within the capillary.
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There is a layer of tightly bound cations, referred to as the double layer, immediately
adjacent to the capillary wall and a more loosely associated layer, referred to as the
diffuse double layer, which is also largely cationic in nature. Figure 2.1 shows a
schematic of the capillary and the chemical layers present in CE. The application of an

Figure 2.1 Schematic showing the chemistry at the capillary wall in CE.

electric field results in the movement of these more loosely bound cations towards the
cathode, and since they are hydrated the consequence is a bulk flow of liquid in the same
direction. The velocity of the electroosmotic flow (cm/s) is given by the following
equation;
υ=

εζE
η

(2.3)

where ε is the permittivity of the solution; ζ is the zeta potential at the wall, and η is the
viscosity of the solution. The electroosmotic mobility per unit electric field strength
becomes:
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µos =

εζ
η

(2.4)

The existence of the electroosmotic flow and the magnitude allows neutral molecules
and even negatively charged molecules to migrate toward the cathodic end. There are a
number of factors that can affect EOF. Those specific factors that can affect the EOF in
someway must have an effect on the charge density on the capillary wall, the double layer
thickness or the viscosity of the solution. Increasing electrolyte concentration and adding
organic solvents reduces the double layer thickness.7-9 The second way to control EOF is
to reduce the surface charge. Adsorbing or covalently attaching some neutral species to
the capillary wall or reducing the pH so that all the charge on the capillary wall is
protonated can reduce the surface charge.6,10,11 Finally, increasing the viscosity of the
separation medium will reduce the EOF.12 CE techniques such as micellar electrokinetic
capillary chromatography (MECC) depend on EOF as the primary driving force.
2.1.2.3 Electrophoretic Mobility
q
µ= f

(2.5)

The phenomenon that makes CE a powerful tool in separation science is the fact that
all ions have different migration rates when placed in an electric field. This difference is
based on its quantity of charge compared to its relative hydrodynamic size (see eq. 2.5).
Hydrodynamic size very closely relates to the mass of the molecule. It is commonly
called the “Charge to Mass Ratio”. A simpler term that is used to describe the molecules
affinity for its opposite electrode is commonly called electrophoretic mobility. For a
spherical object, the relationship of mobility to charge is given in equation 2.5, where q is
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the molecular charge of the ion and the f is its frictional component. Its frictional
component, f, is the product of the viscosity (η) of separation medium, and the radius of
the charged particle (R):

f=6πηR

(2.6)

As seen by the equations 2.4 and 2.6 there are a number of different parameters that
can affect the electrophoretic mobility. Properties such as size and shape can affect the
frictional coefficient of a molecule. The small differences in net charge can also affect
the separation. Furthermore, solution conditions such as ionic strength and pH of the
separation medium can have an affect on the charge of a molecule.

These entire

phenomena together is what makes CE the selective technique that it is.

Small

differences in any of these characteristics can be exploited in CE separations.
2.1.2.4 Chromatographic Resolution
Resolution is the measure of how well two analytes are separated spatially. This
dimensionless number takes into account both the effects of migration and dispersion.
One definition of the resolution in a chromatographic system is given in the following
equation;
R=

tm1 - tm2
2(σ
σt1 + σt2)

(2.7)

where tm1 and tm2 are the migration times of species 1 and 2, respectively, and σt1 and σt2
are the standard deviations of the two peaks. The problem with equation 2.7 is that it
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provides no information on how to improve resolution by adjusting experimental
parameters. Resolution is actually a combination of two separate terms, selectivity and
efficiency. The following equation represents both of those terms;

R=

1 ∆µ
Navg
4 µavg

(2.8)

where ∆µ is the difference in electrophoretic mobility of the two components, µavg is the
mean mobility of the two separands and Navg is the mean plate number of the two
separands. It should be noted that the plate number, which is a measure of
chromatographic efficiency, is related to the plate height (H), by the following;

N=

L
H

(2.9)

where L is the column length, from injection to detection. The plate height, which is a
measure of an individual peak’s broadening, is the sum of a number of individual effects.
Table 2.1 shows some of these effects and the mathematical expression that represents
each component’s contribution to the total plate height. Its clear that zone broadening or
efficiency

has

a

significant

effect
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on

the

resolution

of

the

Table 2. 1 Expressions for individual contributions to plate height.

Zone Broadening Effect

Mathematical Expression

Rectangular injection plug

2
τ inj
12 Ld

H inj =

Pressurized injection

H lam =

Capillary coiling

Detection

Longitudinal Diffusion

Rc6 ∆P 2 t inj
1536 L2t h 2 DLd

H coil

Rc2 Ld
=
4rin2

H det

2
τ inj
=
12 Ld

H ldif =

Self Heating

H th =
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2 DLt
µ eff V

fT2κ 2 E 5 Rc6 µ eff
1536λ2c D

separation system in CE. Minimization of all individual sources of broadening, and thus
minimization of total broadening gives the best chance of successfully resolving two
peaks.

Unfortunately, minimization of plate height is not the only contributor to

resolution. The other factor is that of selectivity. If all the plate height contributions
were minimized but the two species have the same mobility then they still would be
irresolvable.
2.1.3 Techniques
Essentially an analytical method, capillary electrophoresis has found application in the
separation of biopolymers such as peptides, proteins, oligonucleotides, metal ions and
inorganic ions as well as in the analysis of pharmaceuticals and the monitoring of water
quality. Although the basic methodology involves the separation of molecules based on
their charge to mass ratio, there are straightforward modifications to the procedure,
borrowed from existing well-established techniques, which allow separations based on
size or isoelectric point, or which permit the separation of non-charged molecules or even
in the separation of optical isomers. The following sections will outline some of the
common CE techniques used today. Figure 2.2 is a schematic of the basic instrumental
setup typically used for all forms of electrophoresis. The instrumentation is inexpensive
and easy to implement.
2.1.3.1 Capillary Zone Electrophoresis
This is the simplest form of the technique and is essentially "free solution"
electrophoresis. In this “pure” form of electrophoresis, the migration of analytes in
solution under the influence of an electric field is affected by charge/size ratio, with the
field-induced mobility promoted by the charge being opposed by the frictional drag
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Figure 2.2 Schematic of a CE setup

through the electrolyte solution. In CZE the apparent mobility (µapp) of an ion is the sum
of the analyte’s inherent electrophoretic mobility (µ) and the electroosmotic flow (µos) of
the capillary:

µ app = µ ± µ os

(2.8)

2.1.3.2 Capillary Isoelectric Focusing
Isoelectric focusing is a well-established technique for the separation of amphoteric
molecules, such as proteins, that can be readily adapted to the capillary format. The
technique is based on the formation of a pH gradient by the use of zwitterionic molecules
known as ampholytes. These ampholytic compounds are generally synthetic aliphatic
polyamino, polycarboxylic or polysulphonic acids. Application of an electric field to a
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mixture of ampholytes leads to the formation of a pH gradient as the ampholytes order
themselves according to their isoelectric points. The ampholytes are kept within the
support medium by the use of a high-pH cathode solution (typically sodium hydroxide)
and a low-pH anode solution such as phosphoric acid. As proteins are amphoteric they
will behave in an identical manner and be focused in a position dictated by their
isoelectric point.

The high resolution associated with this method is aided by the fact

that an amphoteric molecule diffusing away from the position corresponding to its
isoelectric point to a region of higher or lower pH will regain a charge and be moved
back into line.
Isoelectric focusing is conventionally carried out using either polyacrylamide or
agarose as a support medium, and while the support medium is necessary to counteract
the excesses of the electric-field-induced convection and diffusion, it does hinder
mobility and thus increase the time taken for larger molecules to reach the position of the
isoelectric pH. In a capillary, such a support is not necessary and therefore, the focusing
times are much shorter. It is also much more economical as the capillary volume is in the
nanoliter range and thus uses much less of the expensive carrier ampholytes.
EOF is a potential problem and must either be eliminated or controlled. At its most
extreme, EOF can sweep the analytes past the detector before focusing has occurred. In
addition its effects can be unpredictable as the charge on the surface silanol groups is
dependent on pH, which will vary along the length of the capillary during isoelectric
focusing. The EOF will also result in some of the low pH anode buffer entering the
capillary and this will disrupt the pH gradient. The disadvantageous effects of EOF can
be eliminated by the use of coated capillaries. Coating materials include compounds such
as polyacrylamide and Polymethylmethacrylate.
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There is one additional step required in the capillary technique as the separated
proteins cannot be detected in situ but must be moved past the detector window. This
mobilization step can be achieved in several ways. If EOF is reduced sufficiently by the
addition of methylcellulose, then focusing will occur before the flow sweeps the pH
gradient past the detector window. When focusing is complete the current in the system
is low with only the hydroxide ions from the cathode and the hydrogen ions from the
anode contributing to the conductivity. If a salt such as sodium chloride is added to the
cathode, then the chloride ions will predominate and make the major contribution to the
conductivity, causing the pH of the system to be altered progressively by hydrogen ions
migrating from the anode. The focused proteins will then gain a charge and migrate to
the anode. Mobilization to the opposite electrode can be achieved in an analogous
manner by addition of salt to the anode.9
2.1.3.3 Micellar Electrokinetic Capillary Chromatography
One major drawback of electrophoresis is that the range of molecules that can be
separated is restricted to those containing a charge. Micellar electrokinetic capillary
chromatography (MECC) is a version of CE that combines the phenomenon of EOF with
a form of partition chromatography to extend the range of molecules that can be
separated using electrophoresis. This EOF will result in the migration of uncharged
molecules toward the cathodic end of the capillary. Because all of these neutral analytes
are moving with the EOF, no separation will occur and all molecules will arrive at the
detector at the same time. With the addition of micelles, a partitioning effect will occur
where the separation of molecules is based on exploiting their differing affinities for the
hydrophobic and hydrophilic phases of the micelle. Figure 2.3 shows a schematic of
MECC and with each constituent’s relative effective velocity given. The most commonly
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used surfactant is SDS, partly because its common use in other techniques makes it
readily available in a sufficiently pure form and also because of its good water solubility
and ability to solubilize non-polar molecules.9 While the separation of neutral molecules
is based on their partition coefficient between the micelle and the electrolyte, the
presence of an anionic micelle based on SDS will mean that cationic molecules will
associate with the micellar phase while anions will be repelled but swept along to the
detector window by the EOF. As a number of factors influence the migration of the
analytes, there are a number of ways in which MECC can be manipulated to achieve
high-resolution separations. In terms of theoretical considerations, the separation range
of the technique is delineated by the EOF. Selectivity is influenced by the partition
coefficient of the analyte between the micelle and electrolyte and any intrinsic charge on
the analyte that will determine not only its electrophoretic mobility but also the degree of
ionic interaction with the micelle. There are a number of adjustable parameters that
affect the selectivity and optimization of the separation. These parameters include pH of
the buffer during separation, the surfactant employed, and the electrolyte polarity.13
2.1.3.3.1 pH
The effect of pH is complex. As well as influencing the ionization state of individual
analytes, pH will also influence the

-potential and thus the magnitude of the EOF. At

low pH values, where the ionization of the silanol groups is suppressed, the EOF may be
exceeded by the micellar velocity and necessitate a change in electrode polarity to ensure
that everything passes the detector window.13
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Figure 2.3 Schematic showing MEKC partitioning of neutrals into and out of micelles.
The magnitudes of velocity are shown below the capillary.

2.1.3.3.2 Surfactants
The use of different surfactants will influence the partition coefficients and therefore
influence separations. The addition of a neutral surfactant to form mixed micelles will
have a similar effect but will also alter the net charge on the micelle, decreasing the
migration time and therefore resulting in shorter separation times.13
2.1.3.3.3 Electrolyte polarity
The polarity of the electrolyte can be modified by the addition of solutes, and this in
turn can alter the partition coefficients. Since the electrolyte is by nature a polar
environment, modifications usually involve a decrease in polarity by the addition of
organic solvents such as methanol or acetonitrile. Most of these effects are difficult to
predict because they will cause changes to more than one parameter. However, the ease
of making such changes, allied to the technique's parsimonious demand for sample and
the short separation times, mean that empirical optimization is readily and rapidly
achieved.9
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2.1.3.4 Capillary Gel Electrophoresis
Electrophoresis using gel-based support media has become the mainstay of
biomolecular analysis over the past three decades. The introduction of polyacrylamide in
the mid 1960s was followed by the use of the detergent SDS. Polyacrylamide can be
readily polymerized to form a gel with good mechanical properties and a pore size that
will restrict the free movement of proteins, thus minimizing diffusion and increasing
resolution. SDS binds in high amounts to proteins, swamping their intrinsic charge and
causing them to unfold.

When used in conjunction with a reducing agent such as

mercaptoethanol or dithiothreitol to break disulphide bonds, all proteins tend to adopt a
similar, probably extended, conformation. The practical consequence of this is that in the
technique of SDS/PAGE, electrophoretic mobility is related to the molecular mass, and
the technique therefore provides information not only on the purity of a protein solution,
but also data in the form of molecular masses, helpful in the characterization of
individual components. The larger pore size, which can be achieved with gels based on
agarose, has brought analogous advantages to the analysis of DNA and RNA
A similar principle can be applied to CE to permit separations based on size. The
sieving matrix used can be a rigid gel formed by the polymerization of acrylamide in the
presence of a cross-linking agent such as methylenebisacrylamide. This can be formed
within the capillary or pumped in under high pressure. Preparation of such gels in the
capillary is not a straightforward task. The production of heat during the polymerization
process and the subsequent cooling of the gel can lead to shrinkage and the formation of
bubbles. The difficulties in reproducible preparation of capillaries filled with a rigid
cross-linked gel have led to sieving applications based on the presence of a non-crosslinked gel where the pores are created by the tangling of long linear polymers. These
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polymers can be composed of dextrans, methylcellulose or linear polyacrylamide. These
have the advantages of being readily introduced into the capillary under low pressure and
can be replaced after each run thus extending the life of the capillary and reducing the
expense of this procedure.
2.1.4 Conclusions
In recent years biotechnological and pharmaceutical applications of CE have become
more readily accepted. The range of options available through CZE and MECC in
particular creates versatile methodologies that can be applied to a wide range of different
analytes.

CE has also been used in forensic toxicology.

The range of detection

techniques commonly employed at present includes UV absorption, fluorescence,
electrochemical detection and mass spectrometry. Perhaps the major limitation in CE is
the fact that relatively high concentrations of analyte are required, in other words there is
poor concentration limit of detection. This can be overcome to a certain degree using the
stacking effect created by the injection of the sample at an ionic strength much lower than
that of the electrolyte is important not only to resolution, but also to sensitivity. This
means that not only does the sample normally have to be diluted to achieve this, but also
the presence of even moderate amounts of salt can lead to zone broadening. It follows
from this that the major improvements to the performance of existing methodologies will
come from improvements to the detection systems.
It seems paradoxical that consideration should be given to developing CE as a
preparative technique, but parallel developments in the sensitivity of other techniques
such as protein sequencing have led to the exploitation of the undoubted resolving power
of CE in this way. CE presents an extremely versatile method for the separation of
molecules because of the range of methodologies that can be applied in one instrument.
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Techniques such as CZE and CGE, where the electric field provides the motive force, are
predictable in nature and knowledge of the structures of the molecules to be separated can
provide a reliable indicator of the separation to be expected. Advances in the chemistry
of capillary coatings have meant that the contribution of the EOF can be eliminated or
minimized. However, the ability to create a reproducible flow through an uncoated
capillary means that CE, although basically electrophoretic in nature, is not limited to the
separation of charged molecules, and MECC provides a means of separating a wide range
of molecules. On the other hand, the requirement for a stable high-voltage power supply
and the necessity for detection systems that can deal with the very short light-paths of the
detection window mean that the initial cost of the system is significant. Given that the
capillary volume is in the order of a few nanoliters, the amount of material being detected
is very small indeed, but it has to be present in reasonably high concentrations to be
reliably detected. The combination of low running costs, short separation times and the
very small amounts of material required permits exploitation of the inherent versatility of
capillary electrophoresis by allowing method development to be a rapid process, not
normally requiring more than 1 or 2 days of experimentation.
2.2 Chip Electrophoresis
2.2.1 Introduction
Microchip electrophoresis devices, coined under the concept of miniaturized total
analysis systems (µTAS), were introduced by Manz.14 Many years before this, however,
Terry et. al. reported the first “instrument on a chip”.15 This microchip was a gas
chromatograph with integrated sample injection and separation column. The 200 mm
wide and 30 mm deep channels were wet etched in a glass substrate. The channels were
enclosed with the bonding of a glass cover slip.15 This first attempt, functional, yet
55

hardly successful, opened the door to the possibility of miniaturized systems for chemical
analysis. The concept began a paradoxical switch in the way chemical separations were
viewed and led to large amount of development in the area of µTAS both in academia
and on the commercial side. Researchers such as Ramsey, Harrison, Manz, and many,
many others have taken this concept and developed it into a largely expanding area of
chemical analysis.16-72

Today there are hundreds of companies, national labs and

academic research groups utilizing this technology to one degree or another.
2.2.2 Chip Based Applications
The first reports showing capillary electrophoresis on a microchip format came in
1992 by Harrison et al.73 The first chip-based separation was that of fluoroscein and
calcein.74,75 Ramsey and colleagues looked at injection mechanisms and detailed the
ability to control fluid movement electrokinetically to avoid leakages of sample into the
separation channel.75 Taking electrokinetic fluid control to a higher level, Manz et al
designed, fabricated, and performed separations on a cyclic CE device.76
Integrated pre- and post-column mixing and reactions channels are a huge advantage
for chip formats. Harrison showed the plausibility of such a scheme in 1993 when he
fabricated a three channel mixing valve and used electrokinetic control to change the
concentration of fluoroscein that was injected onto the column.77

Pre- and post-

derivatization reactions with OPA have also been shown as well as enzyme substrate
reactions, showing the possibility of doing complex biochemical reactions directly on
chip.22,24,69
Proteins are also being analyzed in microfluidic devices. The typical techniques used
for protein analysis include two-dimensional electrophoresis (i.e., isoelectric focusing,
SDS PAGE) with detection by silver staining or some type of MS. Becker et al. described
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the fabrication of two-dimensional multichannel electrophoresis devices in PMMA using
hot embossing.78 In their devices, one dimension was used for isoelectric focusing and
the other for gel electrophoresis. Electrospray ionization (ESI) MS is an attractive
approach for analyzing proteins because it produces high-quality spectra. Interfacing ESIMS with microfluidic devices takes advantage of these devices’ low flow rates, which
minimize the consumption of reagents and sample, yet are still fast enough to sustain the
electrospray. Recently, fluidic channels were machined into polycarbonate using laser
ablation, which served as an isoelectric focusing separation platform for the proteins.79
The ESI emitter consisted of a small tip that produced a highly local electric field for
spraying high surface-tension liquids. Using a sheath gas and sheath fluid near the end of
the separation channel during the ESI process, the researchers could produce a stable
electrospray source directly from the polycarbonate chip. In another example, PDMS
devices were molded against a silicon master. In this application, a transfer capillary was
connected to the microdevice at the output end and then to an electrospray needle via a
low-swept volume stainless steel union.80
There has been an overwhelming amount of work being done in the area of
biomolecular diagnostics.

DNA analysis has been at the forefront of chip-based

separations because of the potentially reduced analysis times. Reports of double stranded
separations of restriction enzyme digestion products and hetero duplex analysis have
been published.75, 89-94 Work on sequencing has produced the possibility of doing 800
base read lengths on a microchip.95 The advantages of decreased analysis time, high
sample throughput, improved sensitivity, reagent/sample consumption, and automation
have all been shown and are important in order for chip-based equipment to be utilized to
full capacity.94,96-113 An overwhelming majority of microchip work has centered on glass
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or quartz. Unfortunately the drawbacks to glass and quartz may prevent the wide spread
use of these techniques.

In particular, improved aspect ratio channels and better

possibilities for mass production will go a long way in the popularization of chip
separations. It is my contention that chip devices fabricated in polymers will address the
problems of mass production and low aspect ratio of glass devices.
The concepts in chip electrophoresis are basically the same as in capillary
electrophoresis. The previous pages have given an overview of the driving forces that
enable CE and Chip electrophoresis to work, and some of the limiting factors that the
technique retains. There are, however, some slight differences in the two techniques.
One in particular is that chip electrophoresis is performed in rectangular channels. It has
been shown that rectangular separation channels in general provide improved heat
dissipation properties and thus faster analysis time compared to cylindrical capillary
electrophoresis.110 Microfluidic devices major advantage is that they can provide higher
efficiencies. They are able to achieve these higher efficiencies in a couple of different
ways. First improved dissipation of heat allows for higher field strengths to be used.
Higher field strengths, and shorter column lengths allow separations to be done faster,
thus keeping axial diffusion to a minimum. The following subsection will discuss these
advantages, and others in more detail.
2.2.3 Advantages of Chip Electrophoresis
Advantages of downsizing CE techniques to chip techniques include reduced
consumption of sample, reagent and mobile phase, improved analytical performance in
terms of resolution power per unit time, multifunctional interconnected channel networks
with negligible dead volumes, the possibility of having arrays of many parallel systems,
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and increased mechanical stability due to monolithic integration and the suitability for
inexpensive mass production.
2.2.3.1 Scaling Factors
There are a number of inherent advantages to simply making things smaller. One
obvious advantage is portability. With a drive to create diagnostic assays that function as
point of care devices, it is easy to see that this advantage alone makes miniaturized
systems worth exploring. Beside that obvious advantage of scaling down analytical
devices, there are others that prove to be just as important. These advantages include,
improved thermal properties, the use of smaller sample sizes, and faster analysis times.
An area in which scaling effects are particularly favorable is the thermal processing of
samples. Many biomolecular amplification and detection techniques require isothermal
heating or thermal cycling. The high thermal isolation and low thermal mass achievable
by miniaturization of the thermal components of fluidic systems can greatly reduce power
requirements and thermal time constants. In addition, localized heating can be used to
enhance reaction, mixing, reconstitution, and other processes.
The use of smaller sample sizes can be a major benefit when the cost of analysis is
considered. Many diagnostic assays require processing of very expensive chemicals or
samples that are limited in quantities.

To take advantage of smaller sample sizes,

however, highly sensitive detection schemes must be implemented. For this reason, a
favorite of microfluidic detection is fluorescence.
Finally, due to the shrinking of the electrophoresis platform and the geometries of the
channels heat dissipation is Improved, higher field strengths can be used so analytes can
get to the detector much faster.

Increasing the surface-to-volume ratio of an

electrophoresis conduit improves heat dissipation. In rectangular channels the surface-to59

volume ratio is increased improving heat dissipation considerably. Jansson et al realized
this and proposed to fabricate rectangular channels in silicon using bulk silicon
processing.110 The advantages in heat dissipation due to the thermal properties of silicon
were, unfortunately counteracted by the poor dielectric strength of silicon, which would
breaks down under moderate electric fields. Since the time of analysis is based on the
length of a column, making it shorter will obviously speed up analysis time. The
reduction in analysis time reduces the diffusion contribution to the plate height, and thus
reduces the total plate height (H) of the separation, increasing the efficiency.
2.2.3.2 Improved Analytical Performance.
In terms of improved efficiency and a decrease in analysis times, chip-based
electrophoresis platforms are clearly advantageous.94

In a simple experiment, the

analysis time can be determined using the following equation;

t=

L
L2
=
µE µV

(2.10)

where L is the column length from injection to detection, µ is the sum of the EOF and the
samples electrophoretic mobility and V is the voltage drop across the capillary. As seen,
analysis times are directly proportional to column length. In most cases, microfluidic
channels are an order of magnitude shorter than conventional capillaries and thus analysis
time is shortened.
As mentioned with decrease in analysis time, higher efficiencies can be achieved. To
make this clear, we can consider the spatial variance of a sample plug (σ 2). Governed by
diffusion the plug will spread over time;
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σ 2 = 2 Dt

(2.11)

where D is the diffusion coefficient of the solute.
2.2.3.3 Integrated Injectors and Dead Volume
Overall band broadening (σ2) is also caused by the sample injector, the finite length of
the detection volume, and by any contributions of dead volumes due to fittings etc. Thus,
small sample volumes need to be injected, detection has to be carried out in small
detection volumes, and all void volumes reducing the gain from miniaturization must be
avoided. Any small void volumes will act as an efficient mixing chamber. For a typical
diffusion coefficient of a small ion in solution, diffusion over a distance of 10 µm will
take place in approximately 100 ms; over a distance of 1 µm only 1 ms is required. Any
concentration gradients present on this length scale will be very readily leveled out, i.e.
void volumes will be filled.

The virtues of microfabrication for the production of

virtually dead volume free interconnections can hardly be overestimated. It should be
noted that even a fairly low dead volume (from the separation science point of view) of
only 1 femtoliter corresponds to the volume of a cube with 1 µm edge lengths. Features
of this size are considered significant from the standpoint of microfabrication and are
easily within the scope of standard photolithographic resolution.114
2.2.4 Polymer Based Chip Electrophoresis
Polymer based microfluidic devices continue to grow in popularity. There have been a
number of reports on separations using polymer devices. In the first report, Soane et al,
showed the separation of Hae III digestion of DNA on a plastic microdevice fabricated
from a silicon master.92 Since then, there has been an increase in the amount of reports of
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separation on polymeric microchips.

Chen and Chen reported the HaeIII/φx174

restriction fragment digest separation on devices fabricated using a wire imprinting
method and is currently working on laser ablation techniques for fabrication. Whitesides
et al has shown a number of applications in PDMS and Ford and Soper et al have
reported work on X-ray machining in PMMA.115-117 Polymer devices have a number of
differences compared to glass devices. They have different chemical properties, and
surface properties, different assembly techniques, different optical properties and a host
of different machining techniques. The following section will give a detailed comparison
of glass-based microfluidic devices to polymeric microfluidic devices.
2.2.5 Comparison of Glass Devices to Polymer Devices
Several differences exist among separations using polymers with those in glass. The
most common pumping mechanism of fluids through complex networks of channels in
planar structures is electrokinetic pumping, in which the intrinsic EOF generated by the
surface charges of the substrate causes bulk solvent flow. In glass, EOF is very well
characterized and has a magnitude that is typically greater than the species being
separated and moves in the direction of the cathode. In glass, the EOF is ~9.5 × 10–4
cm2/Vs at pH >9.0.117 The large EOF is partly due to the high surface charges found on
glass because of the deprotonation of silanol groups. However, many polymers do not
contain ionizable functional groups and, as such, would be expected to produce much
smaller EOFs. Indeed, the EOF of PMMA machined using either X-ray lithography or
injection molding is 1.2 × 10-4 cm2/Vs, with EOF directed toward the cathode.117 In
addition, the EOF in PMMA is independent of pH in sharp contrast to glass or fused
silica, which shows a large dependence of the EOF on solution pH. Polystyrene,
polycarbonate, cellulose acetate, or poly(ethylene terephthalate) micromachined using
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UV excimer laser ablation were found to demonstrate EOFs that were comparable with
fused silica.118 This suggests excess negative charges on the walls of the polymers
following ablation and may result from the redeposition of photoablated particles, which
have a high oxygen content. Locascio et al. have recently showed that polystyrene has an
EOF of only 1.8 × 10-4 cm2/Vs.119 In addition, the adsorption of different types of
materials to the walls of the microdevice can affect EOF. For example, when polystyrene
was filled with a protein, such as goat IgG antibodies, the EOF changed to a value of 2.5
× 10-5 cm2/Vs, significantly lower than the native polymer.
The low EOF of polymer-based devices has been advantageous for DNA separations.
The large EOF for glass devices requires either a dynamic or polymer overcoat on the
wall to suppress the EOF with DNA. Both single- and double-stranded DNA separations
have been carried out on unmodified plastic microfluidic devices.91,92 An example of a
single-stranded DNA separation in both glass and PMMA is shown in Figure 1.9.94 In
this separation, a 500-base ladder labeled with a fluorescent dye was analyzed using a
sieving matrix. Neither the walls of the glass nor the polymer device were coated
initially, because the sieving matrix forms a dynamic coating to suppress the EOF.
However, the glass-based device was subsequently coated with a linear polyacrylamide,
because extended exposure of the glass to the sieving polymer caused eventual
degradation in separation resolution. The polymer device produced results similar to the
glass device. An interesting problem in microdevices is the scaling factor that results
when miniaturizing column lengths for high-resolution separations, particularly for DNAsequencing applications. It has been recently shown that for microdevices using an
electrophoretic separation at constant field, resolution is proportional to the square of the
channel length. Thus, to obtain reasonable read lengths (the number of nucleotide bases
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resolved in a single electrophoretic run) for DNA sequencing, long separation channels
are required. For example, for a read length of 500 bases in a 4% polyacrylamide gel, the
channel length must be 28 cm.120, 121 To fit and machine such a long channel onto a small
footprint requires turns in the separation channel
Unfortunately, turns can lead to zonal dispersion and poor resolution because of
differences in migration distances and field strengths through the turn.122 Because this
variance depends on w2, in which w is the width of the channel at the turn, decreasing the
channel width can alleviate some of the dispersion. However, simply making the
channels narrower to minimize dispersion can, in turn, affect sensitivity because the load
volume is reduced.122 Therefore, for a device to have turns, the channels must be

Figure 2.5 DNA ladder separated in glass (top) and PMMA (below).
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narrow and deep. Recently, an analysis of a micro fluidic PMMA device with multiple
turns found that the variance introduced by the turns contributed insignificantly to the
total zone variance.123 This was a consequence of the HARM channels, which were only
20-µm wide, minimizing the geometrical zonal dispersion produced by the turns, but the
channels were 50-µm deep to improve sensitivity. In fact, the detection limit for a nearIR-labeled oligonucleotide in this device was 1.2 zmol, which was comparable to the
detection limit of conventional CE with laser-induced fluorescence. Another attractive
feature of high-aspect-ratio micromachining is that guide channels can be fabricated,
which can accommodate various inserts, such as fiber optics or conventional glass
capillaries.102,115,117
Although most detection protocols for microfluidic devices use off-chip fluorescence,
carbon electrodes can be integrated into microfluidic devices for electrochemical
detection.124-125 The electrodes were constructed from carbon ink containing a polymer
binder. The device was fabricated by laser ablating a channel into poly(ethylene
terephthalate) substrate and filling it with carbon ink. The filled channel was then cured
at 70 °C, and the excess carbon ink removed using a razor blade. Another channel for
fluids ran perpendicular to the electrode channels and a cover plate was bonded.
2.2.6 Conclusions
Microdevices in general are advantageous in a number of ways. They allow faster
analysis to take place, lower sample and reagent consumption, high levels of automation,
an increased possibility for parallel analysis, and the possibility of in line reaction
chambers for integrated sample manipulation, separation and identification. Microfluidic
separation devices have resulted in a paradigm shift in the way chemical analysis are
viewed and in how the problems of diagnostics are tackled.
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Polymer microfluidic

devices offer the researcher a large amount of flexibility in designing particular
experiments. The more choices that a technique can offer the more successful and
widespread it will become. Polymers offer an inexpensive alternative to glass based
microfluidic devices and can be successful in all the ways that glass devices have shown.
There must be a great deal of research performed to find suitable polymers to match the
applications.

Material scientists, engineers, and chemists will need to pool their

knowledge in order to find the best materials and the most successful fabrication
techniques for a particular chemical analysis. The world of microfluidics must be a
collaborative effort to be successful.
2.3 List of Symbols

Hth – Plate height due to thermal self heating effects
Hinj- Plate height due to injection effects
Hlam -Plate height due to laminar flow effects
Hcoil -Plate height due to capillary coiling effects
Hdet – Plate height due to detection effects
Hldif – Plate height due to longitudinal diffusion effects
fT –Temperature factor
κ− Specific electric conductivtiy
E-Electric field Strength
Rc-Inner capillary radius
µeff-Effective mobility
λc-Thermal conductivity of capillary
D-Diffusion coefficient
τinj – Width of rectangular injection zone
Ld – Length of capillary to detector
∆P – Pressure difference
tinj – Time of injection
Lt – Overall capillary length
h – Dynamic viscosity
rin – Radius of inner circumference of coiled capillary
V – Total Voltage
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Chapter 3
Fabrication of PMMA-Based Microfluidic Devices Using X-Rays
3.1 Introduction
In order to fabricate channels capable of housing electrophoretic separations in a
PMMA substrate, X-rays can be used. Because of PMMA’s X-ray sensitivity it was
logical to fabricate channels in PMMA using direct X-ray exposure. PMMA is also a
good choice because of it optical purity, which is important for sensitive detection
schemes, and because PMMA has long been used as an X-ray resist, exposure conditions
are well known and predictable. In order to transfer a desired pattern to a substrate using
X-rays, a mask must be designed to selectively irradiate desired areas of the PMMA
while protecting other areas form X-rays. Two types of X-ray masks were evaluated; a
sacrificial mask, which was fabricated directly on the PMMA substrate, and a polyimide
membrane mask, which was fabricated independently of the PMMA substrate. Chapter 3
will give a very detailed step-by-step account of the steps included in fabricating
electrophoresis devices in PMMA using X-ray lithography. Figure 3.1 shows the two
processes side by side. Both processes contain a number of equivalent steps performed
on different substrates. The three basic steps required in fabricating an X-ray mask are
applying a plating base to a desired substrate, transferring a desired pattern
photolithographically to the sample, and electroplating gold. Once the X-ray mask was
completed the remaining two steps for fabricating a microfluidic device are the X-ray
lithography step, transferring the desired pattern to our substrate using X-rays and the
assembly. Before any of these steps can be completed, however, a useful topography
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must be designed. Things such as the design of the injection region, the placement of
ancillary components such as capillaries and fiber optics, and assembly requirements are
very important in the design of efficient microfluidic devices.

Figure 3. 1 Fabrication steps for both a sacrificial mask1 (left) and a polyimide mask2
(right).
3.2 Conceiving and Planning a Useful End Product.
The first step in the fabrication of any fluidic device is the development of a concept
for the topography. It has been well documented that channel dimensions and shapes
play an important role in the success of a particular device. In fact, a number of different
topographies were investigated for this work. Many considerations need to be taken into
account when designing the physical dimensions of a device. The first generation device
used in this research was a serpentine channel of about 12 cm in length. It contained a
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double injection T and a fiber optic channel for an excitation fiber to be inserted. A
schematic of this device is given in Figure 3.2. Channel widths for this first generation
device were 50 µm. At the time this device was being constructed, not much was known
about efficiency losses due to turns. It was clear to us, however, that a topography as
complicated as this was both difficult to machine and difficult to achieve good

Figure 3. 2 First generation device with serpentine channel, a dual injector, and a fiber
optic port.

separations. The difficulties machining devices with the original topography were not so
much a result of the topography as they were the tone of the original mask. The tone
produced a dark field mask requiring the use of a negative resist. Problems associated
with negative resist processing are discussed in section 3.3. Separations were difficult to
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achieve because of the turns and of the difficulty in bonding. The cover plate affixed to
the original devices could not be sealed well because the topography allowed air pockets
to be formed between the substrate and the cover plate. After a number of iterations with
some serpentine channels with fiber optic ports, it was decided that simplification of the
topography was necessary. This decision was reinforced when Ramsey et al. reported
band broadening when channels with turns were used for analysis.3 A model was set
forth to describe the dispersion effects caused by both the difference in electric field
strength along the outer and inner paths of a turn and the difference in the distance the
analyte has to travel. That change is time is given by the following equation;4

∆t =

l 0 li
−
v o vi

(3.1)

where lo and li are the lengths around the outside and the inside of the turn, respectively,
and vo and vi are the analyte velocities around the outside and the inside of the turn.
Because of the differences in time two analytes at the extremes of a turn take to travel the
complete turn, there was a dispersion term that described how much a finite plug would
spread when subject to the conditions mentioned above;4
2
σ turn
=

(∆l ) 2
12

(3.2)

where ∆l is the difference in length of the outer and inner paths.
3.2.1 Injection Cross
In a number of cases, it was very desirable to include multiple injection lengths for the
optimization of injection parameters. As a basic rule of thumb, to reduce the peak height
contribution due to injection (Table 2.1), the injection volume should be less than 1
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percent of the total column length. This is very easy to calculate and implement into the
design of a “T” injector with appropriate dimensions.
3.2.2 Optical Fiber Channel Placement
When optical detection is required, the need for fiber optics for excitation and/or
detection can be very important, especially if the polymer chosen does not transmit the
incident light required for the assay being performed. Optical fibers with small cores
however, can be very difficult to manipulate in order to get high collection efficiencies.
If laid out correctly, however, the channels that house the optical fibers become the
aligning tool and optimization is inherent. To reduce background, the two channels need
to be placed relative to each other so that no incident light is directed into the

Figure 3. 3 Numerical aperture representation. Alpha is the largest angle of light
accepted.

collection fiber.

An optical fiber’s numerical aperture (NA) determines the angle at

which light can enter a fiber and still undergo total internal reflection. Figure 3.3 shows a
schematic representing the numerical aperture of a fiber. Using the NA of single mode
fibers, it is possible to optimize the fiber’s positions relative to each other so to collect as
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much fluorescence as possible while reducing the scattering. Figure 3.4 shows the
optimal set up of how the channels for housing single mode fibers were placed on chip.
The sampling efficiency, which was a measure of the percentage of sample actually being
irradiated, was 35 %. The theoretical collection efficiency, the percentage of fluorescence
actually being collected, was determined to be 1.5 %.

Figure 3. 4 Optimal fiber layout for on chip excitation and collection.
3.2.3 Assembly
As mentioned above, assembly is a very important step in developing a working
fluidic device. When sealing polymer devices, out-gassing of left over monomer from
the polymerization process is a common occurrence upon raising the temperature to the
point that bonding can be achieved. This can cause some gas pockets that weaken the
total seal of the device and can have detrimental effects on efficiency and/or electrical
continuity during separations. For example, a serpentine channel has portions that run
parallel to each other and if an inferior bond is forged and that bond becomes undone,
79

then buffer will flow from channel to channel through the unbonded areas.

Upon

applying an electric field, this portion of the device will have a discontinuity in electric
field and electrophoretic driving of sample through this portion of the device would be
futile.

By designing “filler” features, such as rectangles and squares, the bonding

becomes improved immensely. These “filler” features have no effect on separation
efficiency as they are completely separate from the “business” portion (separation
channel) of the device and, if designed correctly, these fillers do not complicate
fabrication because their sizes are typically much larger than the smallest features, the
electrophoretic channels.
3.3 Inspection Instrumentation for Interrogating Microstructures
There are a number of instruments used to characterize microstructures.

Three in

particular were utilized in this research, optical microscopy, profilometer traces and
scanning electron microscopy (SEM). Because of the importance of these measuring
techniques, a brief description of a profilometer and an SEM will be discussed.
3.3.1 Profilometer
The profilometer is used to measure step heights and roughness of surfaces. A stylus,
a small needle, is placed in contact with, and then gently dragged along the surface of the
substrate. The tip scans across the surface of the sample and an inductive sensor registers
the vertical motion of the tip. The signal generated by the motion of the tip is used to
create a two-dimensional profile of the surface. Profilometers in this research were used
to measure depths of channels, heights of electroplated metals and spin coated resists.
Figure 3.5 is a schematic of a typical profilometer.
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Figure 3.5 Schematic showing the stylus of a profilometer measuring the height of a
channel on a sample.

3.3.2 Scanning Electron Microscopy (SEM)
An SEM has three parts, a column that emits an electron beam, a specimen chamber
and a viewing area. Figure 3.6 shows a picture of a Hitachi SEM housed at CAMD. At
the top of the column, a filament tip generates electrons (which are negatively charged).
This is called the electron gun. The specimen is at the bottom of the column, in a
vacuum. Magnets in the column direct and focus the electron beam to travel towards the
specimen. Beam deflector coils make the beam of electrons swing across the sample.
Some electrons are reflected from the specimen and some are absorbed. Specialized
detectors receive these electrons and process the signal.

As the electrons hit the

specimen, changes occur to the surface of the specimen, and the specimen emits its own
electrons. The secondary electron detector detects these surface electrons and converts
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the electrons into a TV signal.

This is then photographed or videotaped. For

photographs, a high-resolution screen is photographed using a Polaroid camera. There is
no color because the detectors are measuring electrons, which are beyond the light
spectrum. The Secondary Electron looks at the structure of objects. By looking at how
things are made we can analyze it for problems.

Figure 3. 6 Hitachi SEM housed at CAMD.

3.4 Sacrificial Mask
The first approach investigated for masking a PMMA wafer in order to selectively
irradiate it was the sacrificial mask.

This procedure allows one to electroplate gold

absorber, which protects areas where irradiation is unnecessary, directly on the sample to
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be irradiated. Basically, the procedure has 3 steps as mentioned in the introduction;
application of a plating base, transfer of desired topography, and electroplating of the
gold absorber.

This procedure has a number of advantages including excellent

dimensional control and the possibility of multiple X-ray exposures if necessary.
Because the mask is incorporated directly on the substrate, alignment is inherent. In fact,
one of the reasons it was chosen was because the beam line we intended to use at CAMD
for X-ray exposure, XRLC1, produced lower energy X-rays and it was thought that we
could only expose about 10 µm at a time. XRLC1 produces X-rays in the range of 7-9 Å
because of a pair of gold mirrors that act as a filter for higher energy X-rays. The mirrors
are placed at 88.5 degrees so that the shorter wavelength X-rays pass through the mirror
while the higher wavelength X-rays are reflected off the mirrors and directed toward the
exposure chamber. Because the gold absorber is applied directly onto a substrate, it is
self-aligning, allowing the sample to be cycled between irradiation and development
without having to go through the very difficult process of aligning and realigning the Xray mask with the substrate prior to X-ray exposure. Another advantage is the flexibility
to change topographies for rapid prototyping without the need for investing in a
permanent X-ray mask.

If a particular design was not sufficient for a particular assay a

new optical mask could easily be fabricated and substituted for the old one in the pattern
transfer step.
3.5 Polyimide X-ray Mask
Because of the large amount of photolithographic processing for the sacrificial
procedure and because of problems within the process, such as poor plating base
adhesion, it was necessary to come up with a way to increase production capabilities
(plating base adhesion will be discussed in section 3.4). A very simple way to reduce the
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number of photolithographic processing steps was to fabricate a permanent free standing
X-ray mask that can be used for multiple PMMA substrate exposures. Unfortunately,
there are a very few places where a high quality X-ray mask can be purchased and the
price, which typically is over $20,000 makes purchasing an X-ray mask illogical
considering a proven topography had not been found. The bottom line was that a cheap
and inexpensive method of creating an X-ray mask was needed. Malek-Khan et al. were
working on fabricating inexpensive X-ray masks using polyimide membranes as the gold
absorber supports.2 The process was far from perfect, but the processing steps used to
make an X-ray mask as opposed to using the sacrificial mask were identical.

It would

allow X-ray masks to be made quickly and inexpensively. Polyimide film is inexpensive
and readily available, polyimide hold up reasonably well under X-ray conditions.

The

process time has been reduced to a couple of days.
3.5.1 Properties of Polyimide
Polyimide, which is typically used in coating glass capillaries, is a very good polymer
to use for X-ray mask production. The X-ray absorption cross section is very low, there
is a relatively small amount of interaction with X-rays, and it is resistant to most organic
solvents and lithography processing. Polyimide allows for good plating base adhesion
and it is stable at relatively high temperatures. All these characteristics make it ideal for
its use as an X-ray absorber support.

Although not within the scope of this research,

there is ongoing research being performed to look at this X-ray mask alternative very
carefully and even find some other inexpensive materials with improved properties.7 One
problem associated with polyimide is the fact that under exposure conditions the
polyimid film is heated and expands. This expansion makes dimensional control very
difficult. Desired high tolerances can be problematic using this method. In this research,
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exact placement of channels and feature widths larger than expected by 3-5 µm was of
little consequence.
3.5.2 Preparation of Polyimide Film
Polyimide can be purchased from a number of sources. For this research, polyimide
was acquired from Goodfellow and from Fraylock Supply Company. Twenty five to 50

µm films were used. It must be stretched and mounted to a support ring before the
lithographic process can be performed on the surface. Figure 4.4 is a schematic of the
film stretcher ring. The film was cut to size and glued to the outer ring of the stretcher
with 5-minute epoxy. The film was stretched by applying torque to the individual screws
around the ring. Once stretched, the film was transferred to a support ring. The support
ring was simply a 4.75” outer diameter ring made from stainless steel, titanium or an
equivalent metal. A large amount of selectivity needs to be considered in choosing an
epoxy for bonding the film to a support ring. The epoxy must have similar properties to
the polyimide film itself. It must be chemically resistant and thermally stable so that
debonding or “loosening” of the film on the support ring does not occur during either the
lithographic procedures or the electroplating. Debonding would render the mask useless
and “loosening” may cause distortion of features.

Epoxy Technology supplied the

required epoxy, HT100.
3.6 Optical Masks
Once the topography was designed to the specifications necessary for a desired
appliction, an optical mask must be fabricated for the purpose of pattern transfer for
subsequent X-ray mask fabrication procedures.
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Optical masks were made

Figure 3. 7 Schematic of stretcher ring used to stretch polyimide film. By turning screw
outer ring outer ring diameter is increased thus stretching the polyimid film taught.

by taking a blank mask, a glass substrate with chrome deposited on it, applying a
photoresist (AZ 1518) to it, direct writing a pattern, developing the irradiated resist, and
etching the exposed chromium. Figure 3.8 shows the processing procedure for producing
an optical mask. Mask blanks with resist applied can be purchased from a number of
different companies as can a printed, finished mask. An optical mask can come in two
tones and the tone is chosen depending on what type of resist will be used in X-ray mask
fabrication. Originally HR100, a negative resist, was used so a positive tone or light field
mask was needed. We quickly discovered, however, that negative photoresists were
difficult to work with so we switched to Shipley 1412 and AZ P4620, positive
photoresists, requiring a negative tone or dark field mask. The negative resists were very
difficult to remove after patterning. The crosslinking due to exposure rendered the resist
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resistant to organics and acid etches. Positive photoresists, because they breakdown
during exposure can be removed after processing by a simple blanket exposure and
development.

Figure 3. 8 Process for fabrication of an optical mask.

3.6.1 Optical Mask Fabrication
Irrespective of the tone, the procedure for fabricating an optical mask is the same, with
the difference being the design of the topography. A 5” X 5” soda lime blank mask
containing a thin film of deposited chromium was the starting point. The chromium layer
was

typically

a

few

hundred

nm,

a

sufficient

thickness

for

successful

absorbance/reflectance of UV light. AZ 1518 was then spun onto the plate at 2700 rpm
and baked in a convection oven at 1060 C for 30 minutes. The baking drove off any
excess solvent and, because the baking occured above the resist’s Tg, it helped to ensure
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a uniform coating. The resulting thickness of resist was no more that 0.5 microns and is a
function of both the viscosity of the resist and the speed at which the resist was spun.
The optimum spinning conditions are determined experimentally through the adjustment
of the different parameters involved such as spin speed, baking temperature, exposure
time, and development time.

Each parameter was independently optimized.

The

prepared substrate was placed onto the Mann pattern generator and a desired topography
was directly written into the resist. After irradiation, the resist was developed away with
Shipley 454 positive resist developer. Development times for thin film resists such as
those found on optical masks depends mostly upon the amount of irradiation the resist
received. Typically, it was sufficient enough to eyeball the development. The plate was
then rinsed in water for a short time and examined to make sure all features were in tact
structurally and to ascertain whether or not there were any gaps or jumps in irradiation
occurred. There were occasions when the pattern generator would miss an exposure or
expose in the wrong area causing defects.

Careful interrogation was necessary

throughout every step. The exposed chromium left after development was then etched
away using commercially available chrome etch containing cerium ammonium nitrate
[Ce(NH4)2(NO3)6] and acetic acid [CH3COOH]. Again, with the correct amount of
experience, eyeballing the etch process was sufficient to know when the desired areas had
been etched fully. Finally, the remaining resist was stripped using acetone resulting in an
optical mask to transfer the topography directly to either the substrate to be X-ray etched
or a thin film of polyimide, which will become the X-ray mask.
Although simple and straight forward, potentially, any step could cause failure, so it
was important to be as methodical as possible. Some common processing mistakes
include; under baking, overexposure of resist, over development of the resist and
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over/under etching of the chromium layer.

For example, it was clear upon SEM

examination of the first devices made that the optical mask was of poor quality. The
chromium etching step was not done in a methodical manner leaving very rough
sidewalls that directly transferred to the first finished devices. An example of a PMMA
device fabricated with a poor optical mask is shown in Figure 3.9. As can be seen in this
picture, the walls were very striated which was a direct result of incomplete chromium
etching. Another example, which was also not discovered until a PMMA device had
been completely fabricated, was that the optical mask had a very thin place along the
channel that had not been etched. This “bridge” structure across the channel in the
optical mask resulted in a “dam” structure less than a micron in size, which prevented the
device from being completely filled with electrophoresis buffer. The problem was easily
remedied once we knew what it was, but because of the size of the “dam” it was
overlooked upon inspection of the optical mask.
3.7 Application of Plating Base
Both PMMA and Polyimide are non-conductive polymers and in order to apply the
necessary gold absorber it was critical to have a conductive surface on which the gold
absorber can be electroplated. A thin adhesion layer, generally <50 Å chromium, is
deposited. The Cr reacts with residual water and oxygen to oxidize to a non-absorbing
CrOx layer to which subsequently condensing oxide compound layers bond. The plating
base actually was a combination of two different metals, chrome and gold. Gold cannot
be used alone because it has poor adhesion to most surfaces. It does, however, adhere
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Figure 3. 9 SEM of structures fabricated using a rough-walled optical mask. The bright
white represents the gold absorber; it has been removed in the middle section. The
channels are 50 µm wide and 50 µm deep

well to chrome. Chrome, on the other hand, has relatively good adhesion properties and
is thus used as an anchor. Chrome cannot be used alone because it readily oxidized and
becomes non-conductive. Gold, on the other hand, was a very good metal to plate on
because it was relatively inert and does not readily oxidize. Therefore, it is necessary to
apply a thin layer of chrome as an anchor and then apply the gold on top of this Cr layer.
Evaporating these metals was a straightforward process. Basically, a current was applied
to the metal deposited and when the vaporization temperature is achieved (1200 to
1500oC for aluminum) the metal was completely evaporated in all directions and
condensed on the substrates causing it to vaporize. Different metals require a different
amount of current to allow evaporations to take place. This process must be carried out
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under vacuum because, if this process were carried out at atmospheric pressure, the
chrome layer would be immediately oxidized. The evaporation process, whether for
PMMA or Polyimide, contains three steps and was completely automated. Once the
substrates are placed in the vacuum chamber, the chamber was allowed to pump down to
around 10-7 torr range. The second step was the deposition. For chrome 50 Å is
deposited at 1 Å per second. Gold was deposited at 5 angstroms per second to a final
thickness of 300 Å. Finally, the sample was cooled and removed from the evaporator.
3.7.1 Evaporation onto PMMA
It turns out that evaporation onto PMMA was problematic. Of the hundreds of
evaporations attempted, only about 20 percent gave good adhesion. Good adhesion was
defined as adhesion strong enough to remained adhered after a piece of scotch tape was
applied and removed. If the scotch tape did not pull off the plating base, then it was said
to have good adhesion. The degree of how well the plating base adhered to the PMMA
was a little more complicated than applying the tape test. Of the 20 percent with “good
adhesion”, only about 25 percent had metal adherence good enough to survive multiple
rounds of exposure and development. Higher success rates were seen when the PMMA
treatment before evaporation was improved.

The best adhesion occurred when the

PMMA substrate was cleaned thoroughly and then plasma etched. Cleaning with IPA
and DI water was important to remove any dust film and dirt particles. Once cleaned
thoroughly, the substrate must be dried at 600 C. This drying step allows any remaining
moisture that may interfere with adhesion of metal to be removed from the surface of the
substrate. An oxygen plasma could be introduced to promote adhesion through the
formation of surface polymer-metal bonds. Pure argon plasmas do not promote
nucleation, but adding at least 10% oxygen was effective in making the plasma reactive.
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Some metals nucleate well with nitrogen vs. oxygen plasmas. When used in excess, this
technique can fail by creating deeper damage and preventing strong bonding. Generally, a
minute of 5kV discharge at a partial pressure of ~10 µm is sufficient unless the surface is
contaminated. This "glow discharge" cleaning step can also drive water and hydrocarbons
off the surface. Closely following this procedure gives about a 50 percent success rate.
An alternative route to evaporation of metals would be the sputtering of a plating base.
Sputtering, which typically gives more reliable adhesion, was not investigated in this
work. Layers, such as titanium and copper, can be sputtered and would serve as a plating
base similar to a chrome/gold layer. Other and better metal combinations probably exist
and finding those metals would be a worthwhile task.
3.7.2 Evaporation onto Polyimide
Evaporation onto polyimide films was a robust process. As long as the surface of the
film was cleaned well, the success rate for adhesion of plating base approaches 100 %.
3.8 Transfer of Topography to Gold Absorber Support
In order to electroplate gold absorber in the desired pattern, a lithographic step must
be used. The process consists of applying a photoresist, flood exposing the resist using
an optical mask, and developing the resist. This process is very similar to fabricating an
optical mask and is identical no matter the substrate, PMMA or Polyimide. Because the
process is the same, it will only be outlined once. Then, problems associated with the
different substrates during pattern transfer will be discussed separately.
3.8.1 Pattern Transfer Procedure
The first step involved in transferring the topography from an optical mask to a
particular substrate was to apply a resist.

Depending on the desired height of the gold

absorber and the tone of the optical mask, different resists can be used. In this case, light
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field masks required a positive resist and dark field masks required a negative resist. For
any given resist, there are different optimum parameters that must be experimentally
determined. The resists most commonly used in this work were AZ P4620, a positive
resist capable of spinning a 10 µm layer, and SU-8, a negative resist capable of layers
hundreds of microns in height. The optimal conditions for using both resists are shown in
table 3.1.

Table 3.1 Pattern transfer processing conditions for P4620 positive resist and SU8
negative resist.

3.8.2 Pattern Transfer Problems on PMMA
As mentioned previously, the first attempt at pattern transfer on a PMMA substrate
was done with HR 100, a negative resist. Typically negative resists are easier to work
with because of the freedom in processing parameters they provide.

For example,

negative resists can be over exposed without detrimental effects, once exposed the
polymerized portions are very non-reactive with developers. When using them, there was
a large amount of processing freedom. The major problem with HR 100 was its removal
after the gold absorber had been electroplated. It turns out that HR100 and negative
resists in general were very resistant to most types of chemicals. More importantly,
however, because the substrate was PMMA, which has many problems with organic
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solvents, harsh chemicals could absolutely not be used. Attempted physical removal and
harsh chemical removal gave jagged structures, which were of no use in our desired
applications. It was primarily this reason that P4620, a novalak-based resist, was next
investigated. This resist, however, gave us another set of problems. The baking step of
P4620 calls for temperatures around 1100 C. At the time, very thin PMMA substrates
(0.5 – 1.0 mm) were being used. Upon baking of the resist, the wafers would come out of
the oven warped resulting in cracking of resist. Lowering the temperature and increasing
the baking time easily solved this problem. P4620 was easily removed by flood exposing
and developing. In general, it produced very good feature contrast, the development was
clean, and it was very stable in the electroplating solution.
3.8.3 Pattern Transfer Problems on Polyimide
Because of the physical nature of the X-ray support with a film stretched across a ring,
there must be some adjustments to the photoresist spinning mechanism. In this case the
same spinning jig used for optical mask spinning was used to apply resist on the
polyimide film. A more serious problem was the difficulty in removing the irradiated
photoresist. Developing the resist typically would leave a significant amount of residue
that would interfere with the electroplating step.
3.9 Electroplating gold absorber
In order to successfully utilize X-ray lithography, a gold absorber must be applied to
the substrate, either directly on the PMMA or on a support film. Depending on the
desired height of the PMMA structures being produced, the gold layers thickness
changes. In the IC industry, a gold absorber layer of only a half a micron or so are
required to do patterning that is approximately 1 µm deep. For thicker resists, 50 µm
deep channels require gold absorber of approximately 5 µm.
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For purposes of this

research, features of no more than 100 µm deep were produced and therefore 3-5 µm of
gold absorber was sufficient. To achieve the desired height of gold absorber, gold was
electroplated onto the plating base layer, which was exposed as a result of the
lithography.

The processes used for plating gold in this particular research were

sufficient at times but there was a large amount of room for improvement. The problems
were a result of the lack of infrastructure that was available for such processing and the
lack of experience in plating.
3.9.1 Electroplating on PMMA
The first PMMA devices made were done using light field masks and negative resists.
The pattern resulting on the PMMA substrate was simply a line, defining our channels,
made from resist. All surrounding areas had the resist washed away and the plating base
exposed. Gold absorber would therefore be electroplated everywhere except where there
was a desired channel.
Figure 3.10 is a schematic of the electroplating setup. By applying a potential, gold
ions were directed toward the conductive surfaces on the sample. The mechanical stirrer
keeps the bath in motion. Constant movement of solution was required to keep the
depletion layer as small as possible. A large depletion area can lead to uneven plating
over the area of the pattern. Figure 3.10 shows the bath set up with and the relationship
of the sample to the anode. Galvanostatic (constant current) plating, with a current of 1
mA/cm2 of sample surface gave the best plating results. Galvanostatic plating was
chosen to carefully control the rate at which deposition was performed. The samples
should come out relatively shiny and uniform across the whole sample. The actual
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Electroplating bath

Figure 3.10 Electroplating bath set up.

thickness of gold could be measured by doing a profilometer scan. Because of the
original method of multiple exposures of only 10 µm at a time, only around 1 µm of gold
needed to be electroplated onto the sample. As the process of multiple exposures became
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Area of
poorly
plated gold
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Figure 3. 11 SEM of PMMA structures fabricated with poor electroplating. This
particular device was the result of the transfer mask procedure using a single long
exposure.
both time consuming and unreliable, thicker gold layers were electroplated for doing
single exposures. Figure 3.11 shows a resulting device that was electroplated poorly.
The area in which sections were missing had little or no gold to absorb X-rays resulting
in a complete destruction of the desired features. Plating a thicker layer of gold was more
difficult to do successfully and also required much more time.
3.9.2 Electroplating on Polyimide
Gold plating on polyimid followed the same procedure used when plating on PMMA
substrates.

The problems in this case stemmed from the pattern transfer steps,
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specifically the developing of exposed P4620 positive photoresist. After development, a
significant amount of resist residue remained on the plating base interfering with
electroplating. The particular problem could only be solve by an oxygen plasma etch
before the electroplating step. The oxygen plasma removes organic materials by reacting
with the organic materials left after development.
3.10 X-ray Exposure
X-ray exposure and its breakdown effect on PMMA is the foundation on which this
research was proposed. Because PMMA backbone bonds are spliced upon exposure to
X-ray radiation and the exposed resist can be dissolved away selectively, it is possible to
create the channels necessary for electrophoretic separations to be produced. Figure 3.12
shows the effects of X-ray radiation on PMMA.

Because this process is paramount to

producing our desired features, taking some time to explain how synchrotron X-rays are
produced is essential. Before the sample was irradiated by synchrotron X-rays, the
remaining resists and the unused plating bases had to be remove.

For the PMMA

samples this was done by a flood exposure followed by development and then a gold etch
and chrome etching step.
3.11 PMMA Developing
Developing PMMA well can be a difficult task depending on the amount of X-ray
exposure and aspect ratios of resulting structures. For the case of 50 µm wide channels
and 50 µm deep channels, development problems were minimal. There were a couple of
different PMMA developers, MIBK and GG, were investigated.

The MIBK is

commercially available and gave poor results as aspect ratios increased.
developer used throughout this work was a mixture of chemicals.
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GG, the

Along with the

developer there was a GG rinse that helps stop dissolution of dissolved PMMA and
retained the integrity of the structures produced. Table 3.2 shows the constituents of GG

Figure 3. 12 Reaction mechanism for the interaction of X-rays with PMMA.

Table 3.2 GG Developer and Rinse.

developer and rinse and their relative amounts. Development of the PMMA was the
same for both the sacrificial mask and the polyimide X-ray mask. The exposed sample
was placed in a stirred tank of developer at room temperature and remained there for 1
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hour at which point it was placed in the rinse for 15 minutes. Finally it was allowed to
rinse in DI water for another 15 minutes. Development time was mostly a function of the
dose the sample received during exposure, but with the small feature depths an hour
sufficed in almost all cases.
For the sacrificial mask it was after development when it became clear whether we
could do a second round of exposure.

Multiple exposures were thought necessary

because the energy of the beamline employed was very week and exposures deeper than
10 µm were thought to be impossible. From the numerous samples processed, only two
could be exposed a second time and none could be exposed a third time. During
development, the gold absorber would come off of the substrate rendering subsequent
exposures impossible. This unforeseen occurrence required us to expose the sample to
the desired depth in one attempt. Whether the sample was exposed a number of times or
once for a long time, processing time was extremely long. We could only get a couple
devices per weed.
Development of X-ray exposed substrates was done in the same fashion as the
sacrificial mask substrates. However, because no plating base or gold absorber was left,
the developing was much cleaner allowing extended use of developer. With the use of an
X-ray mask, the device output increased to about 6-8 per week
3.12 Assembly of Devices
The assembly, the process of placing a cover on the fabricated channels to produce
closed networks for manipulating fluids, was one of the most challenging tasks involved
in this research. One of the first tasks undertaken upon the start of this was to find a way
to bond PMMA to PMMA. It was important to remain consistent with the material used
to enclose the devices because of the potential differences in the zeta potential when
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assembling different materials. A wall with a significantly different zeta potential than
the other three will have a different electroosmotic flow magnitude. The difference in the
two can cause serious convection during analysis reducing efficiencies considerably.
There have been a number of reports stating thermal annealing can be done at or just
above the glass transition temperature of PMMA, approximately 109o C.

Although

annealing PMMA at this temperature may give a reasonable seal, it is nowhere near
strong enough to maintain its integrity throughout the high amount of handling these
devices require, not to mention the pressures required to inject sieving gels. During
initial studies, bonding two blank PMMA pieces together, it was apparent that 109o C
was not a sufficient temperature for bonding. In most cases, it was necessary to increase
the temperature to well over 160o C to get a strong seal. A problem that caused concern
with going above the Tg of PMMA was the fact that as the PMMA became soft the
structures produced would be compromised. Channel collapsing at these temperatures
was a very real possibility and every effort was made to keep the bonding temperature as
low as possible.
To minimize gas evolution during assembly problem an attempt was made to create
PMMA based glue that could be spun onto the two pieces to be annealed and then
polymerized when they were situated together.

Many of these formulations gave

excellent bonds, but the layers that had to be spun onto the surfaces were much too thick.
This over thickness caused the glue to be pressed into the channels filling them on every
attempt. Reducing the glue layer thickness only caused the glue to dry prematurely
giving no sealing. Figure 3.9 shows a device bonded with glue. As can be seen a
considerable portion of the channel has been filled with glue rendering the device useless.
Finally, a new method was attempted. A PMMA substrate with a razor scored channel
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was placed on a hot plate set at 150o C. A cover piece was placed on top of the substrate
with the access holes lined up on the scored channel. The two pieces were only kept on
the hotplate long enough to see that they were completely bonded. Once bonded, they
were removed and placed under some weight in order to keep them as flat as possible.
The bond turned out to be sufficient, but the integrity of the channel remained in
question. To see if the channel was indeed open, a drop of water was placed in one of the
access holes.

Capillary action carried the water down the channel, following only the

path of the channel. It was clear that this method had created a good seal around the
channel. Next, this method was tested on an actual fabricated device giving excellent.

Figure 3.13 Optical micrograph of PMMA bonded with glue.
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Figure 3.14 Optical micrograph of thermally bonded PMMA.

results Figure 3.10 is an optical micrograph of a bonded device. It is clear that channel
integrity is very well preserved.
3.1.3 Conclusion
The development of devices using X-rays, once optimized, yielded some nice working
electrophoresis devices. The following figures are examples of the structures that could
be produced using these methods. The major problem associated with these techniques is
throughput. Typically only 3 could be fabricated in a week. It was clear that devices
fabricated in these fashions couldn’t be used for separations as will be revealed later in
this document. It was apparent that a method that allows for faster replication of devices
was necessary, especially considering their function and the numbers required. For this
reason, we developed a process to easily and rapidly create mold inserts using many of
the techniques we optimized for the processes discussed in this chapter. Chapter 4 will
outline the fabrication processes used to fabricate the molding dies for mass replication of
these devices. Figures 3.11 through 3.15 show optical micrographs and SEM pictures of
devices created using the method outlined in this chapter.
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Figure 3.15 Device with optical fibers in place. Fibers were etched in BOE. Channels
housing fibers are 90 µm X 90 µm.

Figure 3.16 Original single fiber excitation geometry. Fiber channel is 100 µm in width
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Figure 3.17 Original design dual "T" injector. Three different injection volumes are
possible.

Figure 3.18 Single fiber design--top view.
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Chapter 4
Fabricating Tools Using LIGA for Embossing Microfluidic Devices in Polymers

4.1 Introduction
Nickel electroforms for embossing microfluidic channels in various polymers, for
example, poly(methylmethacrylate) (PMMA), were fabricated using X-ray lithography
and nickel plating procedures. The LIGA (Lithographie, Galvanoformung, Abformung)
process consisted of optically transferring the desired pattern to a polyimide sheet
possessing a Au layer with a photoresist to serve as the X-ray mask. The X-ray mask was
used to reproduce the desired features onto PMMA (X-ray resist), which was attached to
a stainless steel plating base.

Following X-ray exposure and development, Ni was

electroplated into the voids to produce the desired molding die. The procedure for
producing the molding die was found to be reproducible, with a turn around time of less
than 1 week. The electroform possessed microstructures of 50 - 100 µm in lateral
dimensions.

Heating a sheet of PMMA to a temperature above its glass transition

temperature and pressing the mold into the sheet under vacuum (hot-embossing)
replicated the microfeatures into the polymer. The wear of the nickel master was also
inspected through SEM, indicating no significant wear on the electroform even after
fabricating approximately 500 daughters.

The utility of the embossed microfluidic

devices were evaluated by performing an analytical separation of φ X174/HaeIII DNA
restriction fragments. The generation of the electropherogram was completed in less than
3 minutes using a separation distance of only 3.25 cm. The separation efficiency was
assessed by calculating the number of theoretical plates, which was 538,488 plates/m
generated for the 603 bp peak. Resolution of the 271/281 peaks was found to be 0.35,
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which could be improved by extending the separation channel length and/or optimizing
selectivity of the sieving matrix.
Microfluidic devices are beginning to have a profound impact in the area of chemical
analysis due to their short processing times, highly parallel format increasing sample
throughput, the ability to manipulate ultra small volumes, and the potential for integration
of sample processing steps.1-8 One of the most attractive features associated with these
microfluidic platforms is their potential for the low cost manufacture and high production
of devices for carrying out targeted assays, similar to the electronics industry’s capability
of mass-producing integrated circuits with selected functions. This paradigm shift would
allow the users of such devices to envision a disposable format, in which the microfluidic
device is loaded with the sample, allowed to carry out the desired assay and then
discarded, which would be particularly attractive in the diagnostics arena, where sample
contamination can lead to the devastating effects of reporting false positives.
Most of the microfluidic devices fabricated to-date have used glass or quartz as the
substrate material with optical photolithographic patterning followed by a wet-etch to
produce the required channels or vias.1-9 This fabrication process involves coating the
glass substrate with a photoresist, UV exposure of the resist, developing the exposed
photoresist, etching with a buffered HF solution and device assembly, typically
consisting of a thermal annealing step (~600oC) to enclose the fluidic channels. Some of
the attractive features associated with the use of glass include its excellent optical
properties allowing ultrasensitive detection when optical methods are used for readout
and also, the surface chemical properties are well understood and modification
chemistries extensively documented.10-12 Unfortunately, glass and its micromanufacturing
methods do present some limitations for microfluidic applications. For example, it is
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difficult to produce high-aspect-ratio microstructures (HARMs) in glass due to the
isotropic nature of the etching process. While this can be circumvented to a certain
degree using reactive ion etching or anisotropic etching in single crystal Si,13,14 these
techniques can be prohibitively expensive and serial in nature reducing production rates
of the microfluidic devices. Also, final assembly requires temperatures well above 2000
C, which precludes any type of chemical modification of the glass surface or inclusion of
materials in the fluidic networks prior to assembly. In addition, the substrate materials
can be prohibitively expensive, making them unsuitable for disposable uses.
Polymer-based microfluidic devices present attractive alternatives to glass-based
devices for chemical and/or biochemical analyses because of their lower material cost,
wide range of materials with different physical properties, flexibility in the choice of
micromanufacturing method conducive to low cost production of devices, the ability to
produce HARMs (high-aspect-ratio microstructures) and their significantly lower
annealing temperatures.15-17 Techniques that can be used to make microfluidic devices in
polymers include molding, imprinting, X-ray lithography, laser-ablation or reactive ion
etching. In previous work from our laboratory, we demonstrated the ability to use X-ray
lithography on PMMA to directly produce structures with extremely high-aspect-ratios
(aspect ratio is the ratio of feature height to its lateral dimension) due to the minimal
amounts of mask undercutting associated with the use of X-rays and their ability to
penetrate deep into the resist.18,19 In addition, vertical, smooth walls could be produced.
Unfortunately, the direct writing of HARMs using X-rays is prohibitively expensive and
not amenable to high rates of production of fluidic devices.
LIGA is a German acronym for a three step process; lithography, electroplating, and
forming. The first step, lithography, involves the transfer of a desired pattern into a
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photoresist using either UV or X-ray lithography. In the case of X-ray lithography, high
aspect ratios can be achieved. Electroplating involves the electrodeposition of a metal
onto an appropriate substrate. A variety of metals can be plated in order to generate
structures with the needed material properties, such as hardness, conduction and/or
corrosion.20,21 The final step in the LIGA process is forming, using for example hot
embossing or injection molding, which can reproduce the negative of the molding tool
quickly and inexpensively. The hot embossing process involves pressing the hot stamp
into a polymer heated just above its Tg. In injection molding, pellets of the desired
polymer are melted and forced into the mold.
While LIGA offers some attractive benefits for producing HARM structures in
various polymers (X-ray resists), one of its major drawbacks has been the large turnaround-time associated with creating a molding tool to prepare such structures. While
over 200 billion dollars has been spent on developing Si-based microfabrication
techniques, only a fraction of that amount has been invested in LIGA-based microfabrication technologies. This large discrepancy has been due, in part, to the great success
of Si-based micromanufacturing methodologies and Si-based devices created by the IC
industry. A second major deterrence toward the use of LIGA for the production of
microdevices has been the high cost to produce the molding die. However, the cost tends
to drop when a commercial foundry goes into production to produce LIGA parts. The
cost to run an X-ray beam line can be upwards of $1 to $2 million dollars a year.
Efficient utilization of an X-ray beamline (1,500-6,000 hours) would allow for 1,0002,000 mold inserts fabricated per year. Adding these costs to finishing processes such as
development, electroplating, planarization, brings the final cost of fabricating a single
molding tool to only a few thousand dollars. In addition, if the molding tool can be used
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to produce many daughters via hot embossing or injection molding, the cost of a single
polymer part is basically reduced to the cost of the polymer material itself.
In this paper, we wish to report on the processing steps optimized to produce a molding
die, prepared via LIGA processing, to allow the reproduction of microparts required for
devices used in microfluidic applications. The optimized procedure possessed a high
success rate of fabrication, could produce HARMs, and resulted in a molding die that
could be used to create many daughters with minimal degradation in the metal master
(metal electroform). The molding die consisted of Ni electroplated on stainless steel and
was used to hot-emboss HARMs in various polymer materials. The embossed devices
were then used for several different biochemical assays, the results of which will be
reported in this manuscript.
4.2 Experimental
•

X-ray Mask Fabrication
Figure 1 shows a schematic diagram of the steps involved in fabrication of the X-ray

mask. A 25 µm thick polyimide film (Dupont, USA) was stretched and affixed to a
stainless steel ring using H70e epoxy (Epoxy Technologies, Bellerica, MA). A Cr/Au
plating base was e-beam (Temescal, BJD 5000, Berkeley, CA) evaporated onto the
polyimide film. A Shipley SPR 220 (Microchem, MA, USA) positive resist was then
spin coated to a thickness of 15 µm on the polyimide film and soft baked at 950 C for 5
minutes. The resist coated polyimide film was exposed to UV light masked with an
optical mask (LSI photomask, AZ) with the desired topography and the exposed resist
developed in Shipley 452 positive resist developer (Microchem, MA, USA). Next, Au
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Taught polyimide film
Stainless steel support ring

Figure 4.1 The five steps of X-ray mask fabrication. Step 1 consists of thermal
evaporation of a 3500 nm thick Cr/Au plating base onto a stretched polyimide film. SJR
positive photoresist is then spin coated onto the stretched polyimide film. Step 3 involves
exposing the photoresist to UV light and developing in a positive photo resist developer.
Step 4 requires a thick layer of Au (5-20 mm) to be electroplated onto the plating base
revealed after step 3. Finally, in Step 5, remaining resist is removed in solvent and the
plating base is etched away leaving the necessary X-ray absorbing X-ray mask.

was electroplated from a ready-to-plate gold solution (Technic, Dallas, TX). Plating was
performed in a pulsed mode with a current density of 2 mA/cm2. Pulsed mode was used
at a frequency of 40 Hz so that depletion of gold ions at the interface of reduction would
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not cause uneven plating. Once the X-ray absorbing Au was electroplated, the remaining
resist was removed with acetone and the finished X-ray mask stored until required for
use.
•

Embossing tool fabrication

Preparation of stainless steel base. Figure 2 shows the steps involved in fabricating the
nickel electroform embossing tool.

Stainless steel (Ryerson-Tull, Dallas, Tx) was

machined into 4.75” rounds (plating base). The 4.75” base plate was then planarized
using a Harig 618 surface grinder (Elgin, IL). Once ground flat, the base plate was
“activated” in C-12 activator (Puma Chemical, Warne, NC) with –2 V applied to the
stainless steel round. A 9% PMMA in cyclobenzene solution (MicroChem, MA, USA)
was then spin coated onto the base and allowed to melt to the stainless steel surface at
1800 C. Once cooled, a PMMA sheet (Goodfellow, UK) was solvent bonded with methyl
metharcrylate (MMA, Alfa Aesar, Ward Hill, MA) to the PMMA coated stainless steel
base. Finally, the PMMA was fly cut to the final desired height of the microstructures,
which in this case was 150 µm. The thickness of the PMMA resist needed to be known to
enable accurate calculation of dose for x-ray exposure.
X-ray lithography. The stainless steel base plate with the 150 µm PMMA resist layer
was mounted behind the polyimide film X-ray mask containing the desired topography.
It was then exposed to X-rays at The Center for Advanced Microstructures and Devices
(CAMD, Baton Rouge, LA). A bottom dose of 3000 kJ/cm3, above the critical dose for
successful development, was delivered to the sample. Once exposed, the sample was
developed in GG developer (60 % diethylene glycol butyl ether, 15 % morpholine, 5 %
ethanolamine, and 20 % DI water) until all exposed resist was removed.
development was complete the sample was rinsed thoroughly in water.
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Once

Figure 4. 2 To fabricate an embossing tool, first PMMA resist is bonded to a stainless
steel round containing a thin nickel adhesion layer. The PMMA is flycut to a desired
height. (Fly cutting step not shown) A pattern is then transferred X-ray lithographically
into the PMMA resist. Development reveals the nickel adhesion layer. Nickel is
electroformed directly on top of the nickel adhesion layer to heights above that of the
PMMA resist. The nickel structures are planarized and the PMMA is dissolve away in
chloroform.
Nickel electroplating. The stainless steel base plate with the desired features was
“activated” again using a C-12 activator to remove any dirt or residual oxide prior to
electroplating. The sample was then placed in a bath containing nickel sulfamate (Alfa
Aeser), lauryl sulfate (Alfa Aeser) and boric acid (Alfa Aesar). The sulfamate solution
was prepared by mixing 450 ml sulfamate, 3 g of laurel sulfate and 37.5 grams of boric
acid.

The resulting mixture was diluted to 1 liter in deionized water. The nickel
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sulfamate plating bath was finally filtered extensively with a 0.45 µm cellulose filter
Nickel plating was carried out at 550 C with a current density of 25 mA/cm2. The plating
was allowed to proceed long enough for the metal to grow higher than the PMMA resist.
Finishing. It was necessary to mechanically machine the nickel microstructures to the
desired height prior to embossing. The selected height in this case was 100 µm. Once
plated, the sample was again surface ground (Harig) using a 220 grit diamond wheel to
achieve the desired height. A polishing step involving diamond embedded polishing
paper was then used to smooth the structures. Finally, the PMMA not exposed to the Xrays was dissolved away using chloroform to create the desired raised structures on the
molding die used for hot embossing.
Surface metrology.

Scanning Electron Microscopy was used to interrogate the

morphology of the microstructures (Hitachi, Mountain View, CA).
•

Hot Embossing
Embossing of microfluidic devices using the nickel electroform was performed on a

PHI (City of Industry, CA) press equipped with a machined vacuum chamber. A 0.25”
acrylic flat stock was purchased from MSC Supply Company (Melville, NY) and
machined into 5.2” rounds. Before embossing, the acrylic rounds were baked at 850 C for
12 hours to drive off excess water. Following baking, the acrylic was washed with
isopropyl alcohol (IPA) and water. The rounds were placed in a vacuum fixture and held
in place with an aluminum ring. The nickel electroform embossing tool was attached to
the opposite side of the vacuum fixture with small screws. The complete fixture was then
placed between two platens of the PHI press with the side of the vacuum fixture
containing the molding tool in contact with the top platen and the acrylic blank affixed to
it in contact with the bottom platen. The press was then closed with enough pressure for
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both sides of the vacuum fixture to be in contact with the platens. The press was heated
with different temperatures applied to the platens. The upper platen (embossing tool) was
heated to 1850 C and the bottom platen (acrylic blank) to 900 C. One thousand lbs of
pressure was then applied for 4 minutes and then demolded. The PMMA was removed
and it was found that it contained a slight curvature. To flatten the final part, the backside
of the acrylic sheet was pressed against a flat surface and baked at 850 for approximately
8 hrs. Once flattened and cooled, the embossed acrylic was machined into 3” rounds and
fluid access holes mechanically drilled into the device.
•

Assembly
To create a closed channel fluidic network, a cover plate was thermally bonded over

the embossed microstructures. The stock acrylic (0.5 mm) was machined into 1.5 “ X
2.5” inch rectangles.

The rectangular cover pieces were then positioned over the

channels and a 10 lb weight placed on top of the two pieces in a muffle furnace. The
temperature was ramped at 200 C/min to a temperature of 1800 C, held at 1800 C for 1
minute and allowed to cool slowly to room temperature.
•

Near Infrared Laser-Induced Fluorescence Detector

Fluorescence detection of the DNA fragments analyzed in the fluidic device was
conducted with a laser-induced fluorescence system. The excitation source consisted of a
GaAlAs diode laser (Melles Griot, CA) with a principal lasing line of 750 nm at room
temperature and produced 5 mW of average power. The laser contained external cavity
optics to produce a circular beam that was pseudo-Gaussian and was temperature
stabilized with an on-chip thermoelectric cooler.

The laser beam impinged onto a

dichroic filter (Omega Optical, Brattle Bow, VT), which reflected 750 nm light and
passed 780 nm light and directed the laser light into a 20X microscope objective focusing
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it onto the fluidic channel of the microdevice. The emission was collected by this same
20X microscope objective, directed through the dichroic filter and further isolated from
scattering light using an 8 cavity bandpass filter with a center wavelength of 780 nm and
a half bandwidth of 20 nm (Omega Optical). The fluorescence was focused onto the
photoactive area of the detector using another 20X microscope objective. The detector
was a single photon avalanche photodiode (SPAD, EG&G Optoelectronics, Vadrieulle,
Canada) that was operated in a Geiger mode and actively quenched to permit processing
of high count rate data without saturating the detector. The data was fed into a counting
board with the data processed and displayed on a PC with data acquisition software
written in LabView (National Instruments, San Antonio, TX).
•

Restriction Fragment Digest Analysis
The ΦX174/Hae III digest was received from Life Technologies (Carlsbad, CA) and

was stored in a freezer at –20o C until used for electrophoresis. Samples were diluted
using 18 mΩ Milli-Q water prior to electrophoresis and were injected onto the separation
column electrokinetically at +700 V for 5s. The sieving matrix consisted of a 1% methyl
cellulose solution, which was made by adding the appropriate amount of polymer to a
TAE running buffer (20mM Tris, 10 mM acetate, 1mM EDTA, pH 7.6). The sieving
buffer also was doped with 1 mM TO-PRO 5. TO-PRO 5 is an intercalating die that
emits fluorescence when bound within the hydrophobic region of the double-stranded
DNA helix. Prior to electrophoresis, the sieving buffer was filtered with 0.45 µm filter
paper to remove any particulates and undissolved polymer. Separation occurred at a
voltage of 175 V/cm. The separation was run in reverse mode due to the fact that the
polymer substrate possessed an electroosmotic flow that was lower in magnitude than the
DNA mobility in the sieving matrix used in this work.
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4.3 Results and Discussion
The problems typically associated with LIGA are its expense and the length of time
needed to produce the nickel electroform used to fabricate the daughters. For example,
typical nickel electroforms are produced by an overplating procedure, which could
require weeks to complete. It was therefore, necessary to eliminate this step and improve
on a number of others, providing a route of fabrication able to create inexpensive
embossing tools in relatively short periods of time. In the following sections, we describe
the steps optimized to create such a procedure.
•

Choosing an appropriate substrate
In order to keep costs low for individual nickel electroforms, it was necessary to find

an inexpensive substrate in which the raised microstructures could be plated upon. Other
properties such as strength, machinability, and thermal expansion were considered as
well. Strength was important in that the stronger the material, the more parts that could
be molded/embossed before failure occurred.

Furthermore, good machinability was

necessary in order to easily cut into rounds and surface finish to relatively tight
tolerances.

Finally, thermal expansion characteristics had to be considered as well

because nickel microstructures electroformed directly onto a substrate with a large
difference in thermal expansion could prove problematic under the elevated temperatures
used during embossing. The coefficient of thermal expansion of 316 stainless steel (1.6 x
10-5/0C) and nickel (1.3 x 10-5/0C) are very similar. Therefore, stainless steel was judged
as an acceptable substrate for the present application.
•

Planarization of substrate
An important characteristic of any substrate used to produce an insert is its flatness.

Thicker substrates stay flatter than thinner substrates. The 1/8 “ stainless steel substrates
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that were initially used rarely remained flat so 1/4” stock was used. The surface grinding
step used to ensure that the surfaces were parallel to each other was able to produce a
flatness of under 5 µm across the 4.75” diameter of the stainless steel substrate. The
planarization of the surface ensured that the microstructures electroformed on the
surfaces were very similar in height.
•

Application of Nickel Strike
The chromium atoms in stainless steel have a tendency to form an oxide layer across

the surface of the stainless steel substrate.22 This oxide layer creates a weak bond
between the substrate and the electroformed nickel. Debonding is a significant problem
when structures are plated directly onto this oxide layer. In order to minimize this
problem, an acid nickel strike was used. The nickel strike has two effects on the stainless
steel substrate. First, the acidic nature of the bath etches away the oxide layer. Secondly,
a thin layer (~ 1 µm) of nickel is plated onto the oxide free surface giving excellent
adhesion between the stainless steel substrate and the plated microstructures.
•

PMMA bonding
Achieving a good bond between the PMMA X-ray resist and the stainless steel

substrate was another primary concern. Poor adhesion typically manifests itself during
the development step and can result in plating of metal in unwanted areas. The problem,
however, is not a result of poor gluing. Rather, the high energy photons produced by Xray sources pass directly through the gold absorbing layers and through the PMMA resist
with minimal interaction. These X-rays are absorbed by the substrate and secondary
photons are produced. The secondary photons are scattered back into the resist and
absorbed at the bonding interface.

As exposed resist is removed, the developer

eventually gets access to the exposed bonding interfaces and begins to dissolve the
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partially exposed resist in these areas. For large structures, the effect is underplating of
metal in those areas. In addition, smaller structures are lost completely. To increase
adhesion between the PMMA resist and the stainless steel surface, the planarized plates
were sandblasted to create a roughened surface. This creates increased mechanical
bonding but has no effect on the secondary photon effect. Meticulously controlled
development can reduce the amount of undercutting as well.
•

X-ray Mask Fabrication
X-ray mask fabrication has always been one of the most difficult processes involved

in X-ray lithography.23-26 This is especially true when one considers the energy of the
synchrotron source. The Center for Advanced Microstructures and Devices (CAMD)
operates at energies of 1.3 and 1.5 GeV, and X-ray masks must have certain
characteristics to be compatible with these energies. The simplest comparison is to
consider the classic silicon membrane mask. In order to achieve reasonable exposure
times, the silicon membrane/gold absorber support must be on the order of 4-10 microns.
The practicality of this approach suffers when the fragile nature of silicon membranes
within this thickness range are considered.
Alternative membranes have been used to alleviate the practical problems associated
with thin silicon membranes. Polyimide, graphite, and titanium have all been used to
successfully fabricate X-ray masks.23-25 One unique approach involves the stretching of a
polymer film, polyimide, and affixing it to a support ring.25 Polyimide is a good choice
for our operating conditions because it provides sufficient transparency to the lower
energy X-rays that are available at sources such as CAMD, there is good adhesion of the
evaporated plating base, and it is relatively inexpensive.
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•

X-ray Lithography
Because of the use of shorter wavelengths and the insignificance of diffraction, X-ray

lithography is far superior to optical lithography for producing aspect ratios of more than
100:1 if needed. The use of PMMA as an X-ray resist has been well documented.27-29 The
exposure and development of thick PMMA resists can be done simply and routinely
provided one is supplied with a sufficient X-ray source. Exposure dose must be very
carefully calculated.

Overexposure can cause swelling and cracking resulting in

deformation of desired structures while underexposure results in the inability to
electroplate a metal at the substrate surface. For full exposure of PMMA, the bottom
surface of resist must receive at least 3000 mJ/cm3 of X-ray energy. Thicker samples will
require longer exposure times in order to deposit the necessary 3000 mJ/cm3 at the
bottom. In this work, the thickness of PMMA to be exposed ranged from 100 to 125 µm.
•

Electroplating
Typically, electroplating involves the most time with plating lengths as long as 3

weeks. The time demand is associated with the time it takes to “overplate” enough nickel
to create a backing with sufficient thickness needed to both machine and support the
microstructures. Another problem encountered with the general approach of overplating
is the buildup of stress within the resulting nickel electroforms. In many cases, the
stresses overwhelm these electroforms and cause curvature or even breaking. Lowering
current densities can reduce stress, but unfortunately increases processing time. For rapid
fabrication of Ni electroforms, plating of desired features are required to be done directly
on a preformed substrate that will act as the support for the microstructures. This method
allows for plating times to be defined by the desired height of the features.

For

microfluidic devices, channel depths in the range of 100 µm are typically required.
121

Plating nickel to a height of 200 µm, to allow for post plating finishing, requires only 810 hours using a current density of 30 mA/cm2. The problem with this method arises
from the adhesion of plated nickel to the substrate chosen as a base.

As mentioned, a

nickel strike improved the adhesion of the plated nickel to the stainless steel base. In
fact, without this step, poor adhesion to the stainless steel plate was always observed.
•

Finishing
Typically, nickel electroforming results in plating that is higher along the perimeter of

a sample and lower in the middle. Furthermore, any plating over the height of the
PMMA will give a mushroom-shaped top.

In both cases, the sample needs to be

planarized. Surface grinding provides a good method for this planarization. Not only
will does it planarize the structures, but it provides qualitative evidence that a good bond
between the substrate and the electroformed nickel has been forged. Once grinded
parallel to the bottom of the substrate, the tops of the electroformed structures can be
polished using diamond coating sand paper. The smoother the surface and sidewalls, the
easier demolding occurs. Hand polishing samples is not recommended because some
structures will inevitably be polished more than others leaving them uneven. The mold
insert used in this work (see Figure 3) had features between 95 and 100 µm in height.
•

Molding
The final step in the LIGA process is creating the daughter of the nickel master in a

desired polymer. This can be done by a hot embossing process or by injection molding.
Embossing was chosen for this work because of its ease of operation and inexpensive
nature compared to injection molding. Embossing only requires a heat source, pressure, a
master, and a polymer to emboss. The three factors that contribute to embossing quality
are temperature, pressure, and time. Small adjustments in temperature have a large effect
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Figure 4. 3 Picture of embossing tool and scanning electron micrograph of
microstructures on embossing tool used to emboss PMMA. The sample reservoirs were 1
mm in diameter. The channels were 50 µm wide and 80 µm deep.
on the quality of an embossed part. It was found that the higher the temperature during
embossing the shorter the required embossing time. However, it was also discovered that
too high of a temperature resulted in problems with reflow after demolding reducing
structural integrity to a large degree. For PMMA, the optimal embossing temperature was
found to be between 1600 and 1700 C. A temperature range is necessary to state because
the heating element and thermal couple are inside the platen of the PHI press. The
temperature of the actual nickel electroform embossing tool is somewhere between 1600
and 1700 C and rises during the embossing process. It was also found that temperature of
the polymer being embossed should be kept relatively low. For PMMA the temperature
was kept close to its Tg. The cooler temperature gave the polymer being embossed the

123

Figure 4. 4 Photograph showing PMMA devices used in microfluidic applications and
scanning electron micrograph of a reservoir embossed into on of those devices.
ability to remain flat during the de-embossing step. The pressure and time parameters are
inversely proportional and have wide ranges of working conditions. With too little
pressure and/or too little time, the desired structures will be incompletely embossed.
These half embossed structures showed rounded edges and poorly defined geometries.
Figure 4 shows SEM pictures of some embossed PMMA pieces.
•

Restriction fragment analysis using electrophoresis
To demonstrate the utility of these polymer embossed devices, an electrophoretic

separation of double-stranded DNA was carried out.

Figure 5 shows a micro-CE

separation of the Hae III digest of ΦX174 in a PMMA microdevice using near-IR LIF
detection. It is estimated that approximately 6.3 pg of the 603 bp fragment was inserted
into the separation channel. The SNR for this peak, which was determined by integrating
the area under the peak and dividing by the square root of the average background
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Figure 4.5 Electropherogram of ΦX174/HaeIII restriction fragments with LIF on a
PMMA microchip. The dye concentration added to the running buffer was 1.0 µM, and
the running buffer was composed of 20 mM Tris, 10 mM acetate, 1mM EDTA (pH =
7.6), and 1.0 % methylcellulolose. The sample was electrokinetically injected for 5 s at
+700 volts onto the separation channel. The electric field strength used for the separation
was 175 V/cm. The laser power was set a approximately 8.5 mW.
integrated over the same time interval, was 4076. The mass limit of detection for this
fragment under these electrophoresis conditions was estimated to be 4.6 fg (SNR = 3).
The apparent mobility of the 603-bp peak was calculated to be 1.083 X 10-4 cm2/Vs. This
mobility is slightly lower than those reported by others using this same staining dye and
sieving matrix, but in a glass capillary channel.30 The probable reason was that the
electroosmotic flow is significantly higher in PMMA than that of a coated capillary.18 In
capillary gel electrophoresis, it is necessary to cover the surface charged silanol groups
with a polymer. This coating creates a very small electroosmotic flow. For the case of
the PMMA channels, the surface charged groups are not covered and as such, result in a
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higher electroosmotic flow, but still small enough to allow separation of the DNAs when
stained with a cationic fluorescent dye.
From the electropherogram depicted in Figure 5, it is seen that the 271/281 bp
fragments are not completely resolved, with a calculated resolution of 0.35. It should be
noted that the effective column length of the separation depicted in Figure 5 was only 3.0
cm. To produce a resolution factor of 1.0 for the 271/281 bp fragments, the plate
numbers required would be approximately 1,000,000 plates. For the present separation
only 538,488 plates were generated. Increasing the column length would improve the
resolution factor given the selectivity produce by this gel matrix.
4.4 Conclusions
Fabrication of nickel tools with well-defined geometries has been accomplished. In
addition, embossing of PMMA and the use of the embossed pieces to perform analytical
DNA restriction fragment digest separations has been shown. The ability to fabricate
embossing tools rapidly and inexpensively is of utmost importance in the field of micro
total analysis systems, especially from an industrial/commercial point of view. With the
development of microfluidic assays in polymers, a need for tools to replicate these
devices inexpensively has been realized. Improvements in fabrication turnaround time
and reduced cost will come in the further development of infrastructure that specifically
addresses replication tools.
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Chapter 5
Characterization And Utility of PMMA Microfluidic Devices
5.1 Introduction
In most analytical assays, the process involves a separation step to sort the individual
molecules through molecular properties, such as size and/or charge. Significant research
efforts have recently been invested into developing new separations methods, which offer
increased separation efficiencies and reduced development times.1-11

One such

separation platform is capillary electrophoresis (CE), which has been demonstrated to be
an important tool in many analyses due primarily to the ability to generate high plate
numbers, the speed of the technique, and its relative simplicity. In this format, a capillary
tube made of fused silica with a diameter of 50-100 µm and a length of 30-50 cm is filled
with an appropriate matrix and a high electric field is applied across the tube. CE has
been particularly useful for the analysis of both single and double stranded DNAs.1-3 In
the CE separation of restriction fragments (dsDNAs) using a free-flowing entangled
polymer as the sieving matrix, it is not atypical to see complete separations developed in
as little as 10-20 minutes under appropriate operating conditions.4-9 However, unlike the
CE analysis of analytes, such a amino acids or other small molecules, the separation of
DNAs requires special considerations, such as wall coatings to minimize the electroosmotic flow (EOF) ,10 and a fractionating medium, since the oligonucleotides effectively
migrate at the same rate in free solution when the base number in the oligonucleotide
exceeds 20.11
An attractive alternative to conventional CE is micro electrophoresis, which basically
consists of microchannels (10-50 µm) etched into an appropriate substrate material.12-24
These devices are typically prepared in glass using photolithographic procedures outlined
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in Chapter 1. The motivation for using glass stems from the fact that it exhibits excellent
optical properties allowing ultrasensitive fluorescence detection and, in addition, the
surface structure is similar to conventional capillary tubes producing comparable EOFs
and immobilization chemistries. Using these devices, researchers have demonstrated the
ability to separate analytes, such as DNA restriction fragments, with high resolution in as
little as 20-40 s with column lengths of 3-5 cm.15,16,18,25-28 Another attractive feature
associated with these devices is the ability to incorporate various sample preparation
steps onto the microchip itself, minimizing sample handling and resulting in the ability to
analyze ultra small volumes of materials and consume minimal amounts of reagents.29-33
One of the difficulties associated with the fabrication of these devices is the etching
process used to produce the microchannels when made in glass. It is difficult to produce
narrow channels with reasonable depths due to the isotropic nature of HF etching,
resulting in sever mask undercutting. Indeed, it has been reported that the aspect ratio
(feature height of over feature width) in wet etching for micro-electrophoresis systems
has been estimated to be between 0.5 and 1.30 As a result, it will be difficult to produce
channels using HF etching in glass that can accommodate certain insert devices, such as
fiber optics and capillary tubes for interconnecting devices, which demand narrow
channels with reasonably deep depths.
The methods reported for fabricating these devices in chapters 3 and 4 are alternatives
to wet chemical etching. The methods are able to produce microdevices with high aspect
ratios greater than 10. PMMA was used in this work because some the properties
associated with it can potentially make it an ideal material for performing electrophoreticbased assays. These properties include: (1) Its dielectric strength is significantly better
than that for glass (450-500 V/mil for PMMA; 300 V/mil for fused silica). This should
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allow the ability to produce devices with high packing densities for electrophoretic
separation channels and the application of high electric fields with no material breakdown
effects. (2) PMMA possesses a thermal conductivity similar to glass and/or fused silica
(0.6 X 10-3 cal/cm2/s for PMMA; 3 X 10-3 cal/cm2/s for fused silica). This will allow the
application of high electric fields with efficient dissipation of Joule heat (resistive heating
of carrier buffer due to current flow giving rise to convective mixing of sample zone)
generated in the separation channel preserving system performance. (3) The surface of
PMMA does not contain a pH ionizable function group as does glass or fused silica
arising from deprotonation of silanol groups. As such, PMMA is expected to display a
significantly smaller EOF, especially at high pH values. Therefore, in cases where the
EOF is detrimental to the electrophoretic separation, for example in DNA separations,
coatings used to suppress EOF are not required. The difficulty associated with these wall
coatings is that they can limit the effective operational lifetime of the microdevice.
Recently, an acrylic-based micro-electrophoresis device constructed using injectionmolding techniques was presented, which showed the high resolution separation of DNA
restriction fragments in channels that were not polymer-coated.34 In addition, work has
demonstrated the ability to use PDMS-based micro-electrophoresis devices to fractionate
dsDNAs in channels that were not coated with a polymer layer as well.22 Also, work has
appeared that utilized PMMA as the substrate for micro-electrophoresis with the channels
machined into the device using imprinting techniques.35 In these cases, the aspect ratios
produced following micromachining were not significantly better than those obtained
using wet etching in glass.
While PMMA does posses some advantages for electrophoresis, one potential
difficulty is that it does not display optical properties comparable to fused silica or glass.
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For example, PMMA can produce autofluorescence, especially when excited with a laser
in the UV region of the electromagnetic spectrum. This can produce high backgrounds,
degrading the signal-to noise ration (SNR) in ultrasensitive fluorescence measurements.
In addition, imperfection in the PMMA (areas of inhomogeneous refractive index
produce by mechanical stress during fabrication) can cause complex refraction patterns
degrading the image quality of the optical system.
In order to evaluate the utility of the devices made from the fabrication processes
explained in the previous chapters. It was necessary to completely characterize these
PMMA devices in electrophoretic applications. Visual characterization was performed
using SEM. In addition, a number of different properties from electroosmotic flow
magnitude to the spectral properties of PMMA at different excitation wavelengths and the
high-resolution separation of different analytes were evaluated. The following sections
will give the results of the characterization and demonstrate the separations that have
been performed on these devices.
5.2 Optical Characterization of PMMA
In order to evaluate the background luminescence generated from PMMA at different
wavelengths, fluorescent studies were done. For the sake of comparison, the emission
spectra of PMMA and glass were collected. Emission spectra were collected on a Spex
3000 fluorometer. The spectrofluorometer contained a red-sensitive photomultiplier tube
(R636, Hamamatsu Corp.) and emission gratings blazed for 750 nm. Figure 5.1 shows
the spectra of both PMMA and glass.

Excitation was performed at three different

wavelengths, 280 nm, 488 nm, and 780nm. The structure of PMMA does not contain the
necessary conjugated system to fluoresce. The high background may result from the
impurities left over from the polymerization procedure, such as UV sensitive initiators. It
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should be noted that in the area of the near infrared region, PMMA and glass gave similar
backgrounds.

Figure 5. 1 Emission Spectra of glass and PMMA

5.3 Electroosmotic flow (EOF) determination
We measured the magnitude of the electroosmotic flow in the channels of PMMA
under different pH conditions such that a pH profile could be obtained. One of the
concerns we had was the effect of x-rays on the surface density of negative charges on
the wall of PMMA. The EOF in mechanically machined channels and X-ray etched
channels were measured and the two were compared.

The mechanically fabricated

channels were machined through a milling process producing about 100 µm by 100 µm
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channels. The X-ray etched channels were fabricated using the technique outlined in
Chapter 3.
5.3.1 Experimental
Sodium phosphate, and sodium borate were obtained from Aldrich chemical and a
stock solution of 100 mM of each was made by dissolving 38 grams of sodium phosphate
and 38 grams of sodium borate in 1 liter of deionized water. From these stock solutions
dilutions were made to the appropriate concentration. All solutions were filtered through
0.3-µm cellulose filters before being introduced into the microfabricated devices.

The

pH of the solutions was adjusted with appropriate amounts of 0.1 M sodium hydroxide
and 0.1 M hydrochloric acid. Solutions with pH = 3-11 were used in these experiments.
A small amount of neutral cellulose beads (1 µm in diameter) were added to each pH
solution for flow visualization.
These experiments were performed by timing the rate of travel of cellulose beads
moving a fixed distance. Since these cellulose beads are neutral, their rate of movement
is determined by the magnitude of the EOF. Each pH value was timed 10 times and the
average was used for calculating the EOF magnitude. With the distance of travel and the
field strength known it was easy to calculate the EOF magnitude. For example, if it took
10 seconds for a bead to travel 1.0 mm under a field strength (E) of 100V/cm the EOF
was calculated as follows:

2
0.1cm 1
1cm
− 4 cm
1mm ∗
∗
∗
= 1 × 10
Vs
1mm 10s 100V
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(5.1)

5.3.2 Results
Figure 5.2 shows the EOF profiles of both fused silica and the x-ray etched PMMA
channels. EOF measurements were performed in PMMA for both the mechanically
etched and x-ray etched channels and in a fused silica capillary for comparison. Fused
silica demonstrated the common sigmoidally-shaped profile, with a large increase in the
EO F at pH ~6, resulting form the deprotonation of the surface silanol groups. In the case
of PMMA, the EOF was found to be relatively independent of changes in the pH,
consistent with its surface structure. PMMA, unlike glass, has no ionizable surface
groups that become protonated with high hydrogen ion concentrations. At pH = 10.0, the
EOF was found to be 1.9 x 10-4 cm2/Vs for PMMA and 10.2 x 10-4 cm2/Vs for fused
silica, an approximate fivefold difference. In order to determine the effects of x-rays on

Figure 5. 2 EOF profiles of both PMMA and fused silica. Fused silica capillary was 75
µm in I.D. and PMMA channels were 100 µm X 100 µm.
the surface structure of PMMA, which may affect the magnitude of the EOF, we carried
out similar EOF investigations in a channel, which was mechanically etched in the
PMMA., The EOF in the mechanically etched channel was similar to the X-ray etched
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channel. Therefore, the X-rays most likely result in scission of the polymer backbone
and not oxidation of the functional groups to carboxylates, which would produce a much
larger EOF and show a pH dependent profile. Carboxylates become deprotonated at high
pH values giving a highly negative surface charge, resulting in high EOF at pH values in
which the carboxylates are deprotonated.
5.4 Heat Dissipation
It has been shown that microfluidic devices in general are able to dissipate heat much
more efficiently than fused silica capillaries. The reason is because the bottleneck for
fused silica capillaries for dissipating heat is the capillary-air interface. In planar devices
there is much more material available for heat to be effectively dissipated.

The

advantage of being able to dissipate heat more effectively is that higher field strengths
can be applied without degrading resolution due to convection within the microchannel.
What was not known was how well PMMA could dissipate heat as compared to fused
silica. Dissipation of heat is related to the thermal conductivities of a material.
5.4.1 Experimental
Experiments were performed with 10 mM borate buffer solutions diluted from the
stocks stock solutions made for the EOF studies. 100 to 1000 V/cm field strengths were
applied to both a fused silica capillary and the PMMA microdevice and the current
generated was recorded.
5.4.2 Results
Ohm's Law deals with the relationship between voltage and current in an ideal
conductor. This relationship states that: The potential difference (voltage) across an ideal
conductor is proportional to the current through it. The constant of proportionality is
called the "resistance", R. Ohm's Law is given by:
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V=IR

(5.1)

where V is the potential difference between two points which include a resistance (R). I
is the current flowing through the resistance. When the current generated is plotted
against the different field strengths the plot should be linear according to Ohm’s law.
When deviations from linearity are seen, it is an indication of poor heat dissipation in the
system. Since the system is unable to effectively dissipate the heat that is formed during
electrophoresis, the temperature begins to rise.

Because current is a function of

temperature and the higher the temperature the easier electrons flow, the current will
increase as the temperature increases. As can be seen from the Ohm’s plots shown in
Figure 5.3, the microdevice showed deviations from linearity at an applied field strength
of 720 V/cm for this high conductivity buffer, while the capillary tube produced
nonlinearities at a field strength of 420V/cm.
5.5 Characterization of Injection Conditions.
It was important to study the behavior of sample being injected in a chip. This was
done on a fluorescence microscope. Fluoroscein was used as the testing compound in
this case. The structure of fluoroscein is shown in figure 5.5. The microscope had a
1000-watt Hg arc lamp that was used to excite the dye and colored filters were used to
filter the emission, which was detected by a CCD camera. An appropriate amount of dye
was dissolved in borate buffer (pH – 9.2). At pH 9.2, fluoroscein is negatively charged
and will move from cathode to anode.

For injection tests, the channels of the

microdevice were filled with buffer. Reservoirs 1, 3, and 4 were filled with buffer as
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Figure 5. 3 Ohm's law plot showing the measured current flow in the fused silica (i.d. =
50 µm) and micromachined PMMA channel (50 X 50 µm) as a function of the applied
electric field. In this case the buffer used was 20 mM borate at a pH of 9.2.

well while fluoroscein was placed in reservoir 2 (see fig 5.4). During injection, +100 V
was applied to reservoir 1, while reservoir 2 was grounded and reservoirs 3 and 4 left
floating. After an appropriate amount of time, the voltage was switched to reservoir 4, 3
was grounded while 1 and 2 were left floating. The following sequences of pictures are
frames taken at various intervals during the injection.
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Injection

Separation

Figure 5. 4 Schematic of the channel showing the valving of fluids during injection (top)
and separation (bottom).

Figure 5. 5 Structure of Fluoroscein
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Figure 5. 6 Frames of injections. Top shows actual movie frames and the bottom is the
same pictures with all the color information discarded.

Figure 5.6 shows an injection of fluoroscein with the total elapsed time of around 30
seconds. There is significant spreading of the injection plug during injection. This
“spreading” causes the actual amount injected onto the column to be nearly doubled. The
larger injection plug can have a significant effect on the efficiency of the separation
depending on its relative size compared to the total column length. A sample size over 1
percent of the column length becomes significant. The plate height contribution of a
finite injection plug is given in Table 2.1. In order to significantly reduce the size of the
injection plug, very short injection times are utilized. These short injection times do not
allow time for the whole injection T to be filled. Figure 5.7 shows a very fast injection
(<1 sec). The short injection reduces the plug size tremendously to about 25 percent of
the injection shown in Figure 5.6.
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Figure 5. 7 Frames taken from a short injection sequence. The total ellapsed time is 3
seconds.

5.6 Electrophoresis of NN382
5.6.2 Experimental
In order to see what type of efficiency (plate numbers) these PMMA microdevices
would give, a near infrared dye NN382 was used as a model compound. NN382 was
acquired from Licor (Lincoln, NE) and stored in dimethylformamide (DMF) at a
concentration of 1 mM. An aqueous stock solution of 1 µM was made and used in
electrophoresis studies. The structure of NN382 is given in figure 5.8. NN382 has an
absorbance maximum at approximately 780 nm and an emission maximum at 810 nm.
A picture of the laser induced fluorescence detector is shown in figure 5.9.

The

excitation source consisted of a GAAlAs diode laser with a principal lasing line of 750
nm at room temperature and produced 5 mW of average power. The laser contained
external cavity optics to produce a circular beam that was pseudo-Gaussian and was
temperature stabilized with an on-chip thermoelectric cooler. The laser beam impinged
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onto a dichroic filter, which reflects 750 nm light and passes 780 nm light and was
directed the laser light into a 20X microscope objective focusing it inside the
microchannel. The emission was collected by the same 20X microscope objective and

Figure 5. 8 Structure of Near Infrared dye, NN382.

directed through the dichroic filter, where it was further isolated from scattering light
using a 8 cavity bandpass filter with a center wavelength of 780 nm and a half bandwidth
of 20 nm. The fluorescence was focused onto the photoactive area of the detector using
another 20X microscope objective.

The detector was a single photon avalanche

photodiode (SPAD, EG&G Optoelectronics, Vadrieulle, Canada) that was operated in a
Geiger mode and actively quenched to permit processing of high count rate data without
saturating the detector. The data was fed into a counting board with the data processed
and displayed on a PC with data acquisition software written in LabView (National
Instruments, San Antonio, TX).
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For the free solution micro-electrophoresis, reservoirs 1, 3, and 4 (see fig 5.4) were
filled with the running buffer and reservoir 2 filled with the dye solution. Sample
injection was performed by applying +500 Volts to reservoir 1 and grounding reservoir 2.
After the desired amount of time, the applied voltage was switched to reservoir 4 and
reservoir 3 was grounded. The running buffer used in these experiments consisted of a
20 mM solution of TRIS acetate EDTA (1 X TAE). The dye solution was diluted in the
running buffer to the appropriate concentration.
5.6.2 Results
Free solution electrophoresis was then carried out on the near-IR dye, NN382, with
the results shown in figure 5.10, 5.11 and 5.12. Interestingly, the electrophoresis was run
in a reverse mode, with the sample injection end being negative and the detection end
being positive. In the case of the fused silica electrophoresis analysis of this dye, normal
polarity was required. This is due to the smaller EOF associated with the PMMA device
compared to fused silica. In Figure 5.10, three different injection times were used in
order to fill the fixed volume injector for sample introduction. System performance was
determined by calculating the theoretical plate numbers (N) for pseudo-Gaussian peaks
using the expression

æt ö
N = 5.54çç mig ÷÷
è W1 / 2 ø

2

(5.2)

where tmig is the migration time (s) and W1/2 is the width of the electrophoretic peak at the
half height (s). As can be seen from Fig 5.10, the dye migrates through this 6 cm length
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Figure 5. 9 Picture of fluorescence detection system for the interrogation of NN382 in
microfluidic devices.

channel in approximately 300 s at a field strength of 50V/cm. Also apparent from this
data is that the peak area increased as the injection time was increased to 15 s. Further
increases in the injection time did not significantly increase the peak area, indicating the
15 s time period at this field strength was sufficient to fill the fixed volume injector.
Calculation of N for these injection times yielded values of 24,226; 41,550; and 38,954
plates for injection times of 5, 10, and 15 seconds respectively. In order to reduce the
migration time, the field strength was increased and the resultant plate numbers
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Figure 5. 10 Electropherogram of an NN382 injection plug injected for 15, 10 and 5
seconds. Injection Voltage applied was +500 Volts. The Electrophoresis was run at 333
V/cm. Decreasing the injection time significantly reduces the amount of sample injected
onto the column.

calculated for three different field strengths. From Figure 5.11, the migration time was
reduced to ~44 s when the field strength was increased to 333 V/cm. Plate numbers
calculated for this data indicated that the efficiency was similar for all three electric fields
(~24,500 plates/m). For these particular experiments seen in Fig 5.10 and 5.11 it should
be pointed out that the low efficiencies are a result of the large injection plug used. When
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we used a smaller injection plug efficiencies increased.

Figure 5.12 shows the

electrophoresis of NN382 using a cross injection plug as opposed to an offset “T”
injection plug. The offset “T” is shown in Figure 5.6. The electrophoresis was run at 333
V/cm and again injection times were adjusted. Injection times of 1, 2, 3, 4 and 8 seconds
were used and efficiencies were again calculated.

Efficiencies of 425,472; 339,328;

106,366; 97,688; and 38,292 plates/m, respectively, were calculated for the different
injection times. As expected plate numbers fell for longer injections due to the spreading
of the injection plug. Injection times greater than 10 seconds did not result in any
appreciable increase in peak areas

Figure 5. 11 Electrophoresis of near infrared dye NN382 at field strentgths of 333, 167,
and 83 V/cm. All field strengths gave similar plates numbers, around 24, 500.
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Figure 5. 12 Electropherogram of NN382 injected across a cross injector for different
injection times.
5.7 Electrophoresis of DNA
5.7.1 Experimental
All DNA electrophoretic separations were run with the detection end positive and the
injection end ground. Near IR dye-labeled primers were obtained from Li-Cor (Lincoln,
NE). The primer was an M13 (-21) primer.
In order to investigate the ability to carry out high-resolution separations of
oligonucleotides using PMMA-based microdevice with no wall coatings, The dye labeled
primers were electrophoresed (Fig 5.13) in a 4% LPA sieving matrix in both a PMMAbased micro-device having channels 50 X 50 µm and a conventional 75 µm i.d.fusedsilica capillary modified with a 1% LPA coated wall. The length of the PMMA channel
was ~6 cm as compared to the 25 cm fused silica capillary. . The LPA was solution was
made by dissolving the appropriate amount of LPA (Sigma-Aldrich) in 1 X TAE Buffer
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solution. Typically, a coating on the cell wall is required to suppress the EOF. The NIRLIF system was used as described for the electrophoresis of NN382
5.7.2 Results
The results are shown in Figure 5.14. As can be seen, the primer migrated through the
fused silica capillary in approximately 1720 seconds, while for the PMMA-based device,
the migration time was only 194 seconds, an approximate 10-fold decreased

Figure 5. 13 IRD-800 labeled primer.

in migration time. For the fused-silica case, the apparent mobility of the dye-labeled
primer in this gel matrix was found to be 8.46 X 10-5 cm2/Vs, while in the case of the
PMMA-based device, the apparent mobility was determined to be 7.44 X 10-5 cm2/Vs.
The lower mobility observed in the case of the PMMA-based device most likely resulted
from the fact that the EOF, which opposes the electrophoretic mobility of the dye-labeled
oligonucleotide, in the PMMA device is larger than for the wall-coated fused-silica tube.
I also calculated the plate numbers generated from these two separations and found that
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the plate numbers in the fused-silica case was 836 000 plates/m, while for the PMMA
device, the plate numbers were 722 000 plates/m. The slight loss in efficiency may arise
from either the turns used to increase the channel length or the finite length of the
injection plug or a combination of both. Recently, a model has been formulated to
account for dispersion effects introduced by turns in the separation channel of
microchips. The important conclusion from this model was that narrow channels were
critical so as to reduce path differences take by individual molecules through the turns.

Figure 5. 14 Electropherogram showing the gel electrophoresis of an IRD800 labeled
primer. The top shows the electrophoresis perfomed in a capillary and the bottom shows
the same dye labeled primer electrophoresed in a PMMA microdevice.
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In order to estimate the variance introduce by the turns ( σ t2 ) in our device, we
calculated the diffusion coefficient (D) for the dye-labeled primer from the capillary gel
electropherogram, since the major contribution to the total variance is longitudinal
diffusion ( σ D2 ) in this case. Since the diffusion coefficient has been shown to depend on
the applied electric filed, the same field strength was used in the microchip as that in the
capillary gel electrophoresis case. After obtaining D and using the physical dimensions
of the micro-device, I could calculate σ t2 . From the electropherogram depicted in Fig
5.14 (t0p), the total variance was determined to be 4.79 X 10-3 cm2, which yielded a value
of 1.39 X 10-6 cm2/s for the diffusion coefficient. The total zone variance from the
electrophoretic peak shown in Figure 5.14 (lower) was determined to be 5.54 X 10–4 cm2.
Insertion of the value calculated for the diffusion coefficient into the expression,

σD 2 =

2 DL
ν avg

(5.3)

where L is the effective length of the separation channel and νavg is the average linear
velocity, allowed for the determination of σ D2 , which was found to be 5.14 X 10-4 cm2,
comprising approximately 93% of the total variance. The total variance due to turns
(three turns) was found to be 8.66 X 10-6 cm2, which translates into a per turn variance of
2
2.6 X 10-6 cm2. From the 100 µm injection plug length used for sample injection, σ inj

(Table 2.1) was determined to be 8.31 X 10-6 cm2. As can be seen, the injection plug
variance is nearly four-fold greater than the variance per turn. It should be noted that
microscopic visualization of the injection process (Fig 5.4) for our device indicated
significant leakage of sample into the separation channel during injection. Therefore, the
100 µm plug length used in these calculations should be considered provisional. Use of a
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pinched injection mode should alleviate this artifact and improve the plate numbers

22

These calculations demonstrate the need for the fabrication of channels with narrow
widths and deep depths to minimize zone variance caused by turns and also to produce a
channel with a reasonable volume to allow sufficient sample loading to aid in detection.
The limit of detection of our fluorescence system was estimated by calculating the S/N of
the electrophoretic peak shown in Figure 5.14, which was determined by calculating the
area under this peak and dividing by the square root of the number of background counts
integrated over the time width of this peak. Calculation of the S/N was fount to be 250
for injection of 100 pL of a 1.0 nM solution of the dye-primer, which represents 0.1 amol.
At a S/N = 3, our detector possesses a mass detection limit of 1.2 zmol, which compares
favorably to our detection limits determined for a capillary-based system using near-IR
fluorescence.
5.8 Restriction Fragment Analysis
5.8.1 Experimental
The phiX174/HAEIII digest was received from Life Technologies and was stored in a
freezer at –20o C until used for electrophoresis. Samples were diluted using 18mΩ MilliQ water prior to electrophoresis and were injected onto the separation column
electrokinetically at +700V for 5 seconds.

It should be noted here that injection

processes across the injector T were abandoned due to their inability to produce welldefined injection plugs and their propensity to leak sample from the waste channel. The
use of a highly viscous entangled sieving matrix was able to significantly reduce the
amount of leakage after injection.

The sieving matrix consisted of a 1% Methyl

Cellulose solution, which was made by adding the appropriate amount of polymer to the
TAE running buffer (20mM Tris, 10 mM acetate, 1mM EDTA, pH 7.6). The sieving
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buffer was placed in a water bath and stirred with heating to completely dissolve the
polymer. Prior to electrophoresis, the sieving buffer was filtered with 0.45-µm filter
paper to remove any particulates and undissolved polymer.
5.8.2 Results
Figure 5.15 shows the micro-CE separation of HAEIII digest of phiX174 in a PMMA
microdevice using near-IR LIF detection. It is estimated that approximately 6.3 pg of the
603 bp fragment was inserted onto the separation channel. The SNR for this peak, which
was determined by integrating the area under the peak and dividing by the square root of
the average background integrated over the same time interval, was 4076. The oncolumn mass limit of detection for this fragment under these electrophoresis conditions is
estimated to be 4.6 fg (SNR = 3). The apparent mobility of the 603-bp peak was
calculated to be 1.083 X 10-4 cm2/Vs. This mobility is slightly lower than those reported
by Owens et al. The probable reason is that the EOF is significantly higher in PMMA
than in that of a coated capillary.
The magnitude of the background signal, which in part determines the limit of
detection, depends on several experimental parameters, including the concentration of the
dye in the running buffer, the applied electric field strength, the magnitude of Raman and
Rayleigh scattering, and the intensity of the laser beam.

Since the running buffer

consisted of the staining dye, one of the major contributions to background is
fluorescence from free dye and scattering in the form of Raman and/or Rayleigh scattered
photons.
From the electropherogram depicted in Figure 5.15 it is seen that the 271/281
fragments are not completely resolved, with a calculated resolution of 0.35. This is
significantly worse than typically seen for conventional CE. It should be noted that the
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effective column length of the separation depicted in figure 5.15 was only 3.0 cm. To get
baseline resolution of the 271/281 peaks, efficiencies need to be somewhere around a
million plates per meter. With our separation distance only ~3 cm it was not possible to
achieve the necessary efficiency. The 603 bp peak from the electropherogram in Figure
5.15 shows an efficiency of only 538 488 plates/m. The lower efficiencies can be
attributed to the size of the injection plug. A second reason for the lack of resolution of
the 271/281 peaks is the selectivity of the sieving matrix used. Since it has been shown
that resolution is proportional to the square root of the channel length using a longer
separation channel and finding a sieving matrix that resolves better in the shorter range of
DNA fragments will improve the analysis immensely.

1352
1078
872
271/281

603

310
234
194
118
72

Figure 5. 15 Electropherogram of phiX174/HAEIII restriction fragments with LIF on a
PMMA microchip. The dye concentration added to the running buffer was 2.5mM, and
the runner buffer was composed of 20 mM Tris, 10 mM acetate, 1mM EDTA (ph 7.6),
and 1.0 % methylcellulolose. The sample was electrokinetically injected for 5 s at +700
Volts onto the separation channel. The electric field strength used fro the separation was
175 V/cm. The laser power was set a approximately 8.5 mW.
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5.9 Conclusion
The Characterization of PMMA micro devices for high speed separations and the utility
of such devices have been shown. These Devices were found to an inherent EOF
magnitude of around 1.5 X 10-4 cm2/Vs. They also were found to have very good heat
dissipation properties allowing the use of very high field strengths. The utility of these
devices was also shown in this chapter. Sequencing Primers were electrophoresed in less
than 3 minutes giving an indication of the possibility of rapid sequencing. This PMMA
device’s ability to fractionate restriction fragments from the reaction of HAEIII and
phiX174 DNA vector demonstrates ability to perform rapid DNA diagnostic separations.
The results presented here pave the way for a number of applications to be employed
using these PMMA microdevices.
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Chapter 6
Conclusions and Future Work

6.1 Conclusions
The design, construction, characterization, and utility of a PMMA based microdevice
have been described.

Fabricating devices via hot embossing can reduce costs and

increase output. To be feasible as an alternative to conventional separation it is necessary
to be able to fabricate separation devices inexpensively. In general expense is decrease
with mass production capabilities. A method to inexpensively produce nickel-molding
tools for hot embossing of PMMA microfluidic devices has been presented. Because
these methods, give the ability to micromachine with high aspect ratios, fine structures
with three-dimensional shapes such as micro-optics and switching valves can easily be
fabricated and integrated into the device. These devices will be particularly attractive for
DNA sample preparation due to their low EOFs and therefore the lack of any wall
coatings, as the results do indeed show. Work on separation of DNA molecules have
shown that these devices can be a very integral part of producing micro fluidic diagnostic
tools.
These PMMA microdevices are not limited to the separation of restriction fragment
samples, but can be used for a wide variety of application. Because of the infrastructure
developed over the last 5 years, these devices can be made easily and in a relative short
amount of time. This allows different topographies to be configured that enable one to
tailor for a specific application. Currently applications such as conductivity detection,
single molecule detection, DNA sequencing, and double stranded DNA analyses are
being developed in PMMA devices made from this modified LIGA technique.
Furthermore, there is ongoing investigation of devices made in Polycarbonate for PCR
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thermocycling and Sanger sequencing. These polycarbonate devices are embossed with
the same inserts used to make the microfluidic devices in PMMA. This method for
producing nickel embossing tools gives a great deal of flexibility when considering a
polymer one would like to use in a particular microfluidic application.

Figure 6. 1 Picture of multichannel microdevice for DNA sequencing. There are 8 spaces that contain two
channels each. DNA will migrate to the center of the device and will be detected via laser induced near
infrared fluorescence with a detector that moves around in a circle near the center. 8 of the channels are
straight around 4 cm in length and 8 are serpentine with a length of around 18 cm. The spiral like designs
between the channel region are “filler” which will help in the finishing and the bonding of a cover.

6.2 Future work
With the knowledge that these devices do indeed perform very similarly to capillaries
and glass microchannel devices, it is clear that numerous applications are possible.
Developing the conditions to successfully analyze different chemical and biological
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systems is of paramount importance. There are a number of different applications being
explored at LSU. These applications include single molecule detection, conductivity
detection, DNA sequencing, and Heteroduplesx analysis in PMMA based devices. There
are researchers looking at functionalization chemistries for PMMA and other Plastics.
This work has opened the door to the possibility of exploring new and exciting polymers.
No matter what the desired application, however, there needs to be much thought in the
design of topography. I have been working on a 16-channel device for DNA sequencing.
The design of the topography has been based on the work presented here and has an
extremely good chance of being successful. From there a 96-channel device will be
constructed for high throughput DNA sequencing. Figure 6.1 shows the designed 16channel device for DNA sequencing.
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